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Abstract
The threat to biodiversity posed by increasing rates of anthropogenic habitat 
fragmentation necessitates an understanding of the consequences of spatial pattern for 
natural communities. Reduction of patch size, loss of habitat, changes in the quantity and 
proportion of habitat edge, and reduced connectivity among habitats can all shape 
ecological processes and faunal behavior. Seagrass habitats provide a natural model 
system for examining spatial influences on marine fauna, but separating the effects of 
habitat structure, environmental conditions, and spatial pattern is difficult because shoot 
density, percent cover, and hydrodynamic regime often co-vary with patch size. This 
study used experimentally manipulated seagrass patches to measure the response of 
seagrass-associated fauna to patch size and bed fragmentation on the scale of meters. 
Replicate plots were created by transplanting eelgrass, Zostera marina , at two sites in the 
lower Chesapeake Bay, USA. Plots were designed to examine effects of patch size and 
bed fragmentation on the density of epibenthic decapod and peracarid crustaceans (crabs, 
shrimps, amphipods, and isopods), gastropods, and demersal fish. Densities of most 
species examined did not vary significantly among fragmented and unfragmented plots, 
or among plots with differing amounts of habitat area. Furthermore, seasonal edge 
effects were observed within both fragmented and unfragmented plots for five amphipod 
crustaceans (.Ampithoe longimana, A. valida, Caprella penantis, Elasmopus levis, and 
M icroprotopus raneyi), the gastropod Mitrella lunata, and blue crab postlarvae, 
indicating that the processes regulating small-scale distribution within seagrass plots were 
insensitive to meter-scale habitat patchiness. In addition, two isopods (Edotea triloba 
and Erichsonella attenuata), the gastropod Nassarius vibex, and the amphipod 
Erichthonius brasiliensis exhibited edge effects within individual plot types, with few 
commonalities to suggest that any particular habitat configuration promotes edge effects. 
In 24 of 27 instances (species - plot type combinations) where effects of plot edges were 
detected, faunal densities were higher near plot edges than in their interiors. High 
densities in plot edges were not accompanied by higher overall densities in plots with 
greater proportions of habitat edges, suggesting that the processes regulating the 
distribution of individuals among plots are distinct from within-plot processes.
Secondary production of epifauna, estimated from size distribution data, was not 
significantly affected by fragmentation treatments. Although commonly employed faunal 
categorizations such as body size, mobility, and trophic position did not completely 
predict response to fragmentation, all of the species exhibiting edge effects were among 
the smallest and least mobile of those studied. The results suggest that fragmented 
patches, which are common features of the Chesapeake B ay’s seagrass habitat, support a 
dense faunal assemblage, and that seagrass habitat edges may be zones of enhanced 
faunal density. Far from supporting a positive influence of seagrass fragmentation, the 
results indicate that at the scale studied, there is little compensation for habitat loss via 
enhanced faunal densities in edges. Since fragmented and unfragmented plots support 
similar faunal densities, total abundances are lower in fragmented plots due to the loss of 
seagrass area. The mechanisms by which spatial pattern influences faunal dynamics, and 
the effects of fragmentation at larger scales remain subjects for future research.
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EFFECTS OF HABITAT FRAGMENTATION ON THE UTILIZATION OF 
EELGRASS (ZOSTERA MARINA) BY MOBILE EPIFAUNA AND M ACROFAUNA
INTRODUCTION
The role that habitat spatial pattern plays in structuring faunal communities is an 
issue of critical importance for conservation given the global pervasiveness and 
accelerating rate of anthropogenic habitat fragmentation (Norse 1993, M effe and Carroll 
1997). It is also a topic of relevance to ecological theory due to the proliferation of 
spatially explicit approaches to ecological modeling (Karieva 1994a). W hile studies of 
habitat fragmentation in terrestrial systems have yielded some generalizable patterns 
(Bender 1998, Debinski and Holt 2000), it is clear that fragmentation effects can be 
habitat-specific and taxon-specific (Lindenmayer and Lacy 1995, Lindenmayer et al. 
1999, Eggleston et al. 1999, Connor et al. 2000), scale-dependent (Connor et al. 2000, 
Ludwig et al. 2000) and variable between fragmentation mechanisms (Keough 1984). 
U nderstanding the extent to which fragmentation effects can be predicted therefore 
depends on accumulating evidence from a wide range of ecosystems and habitats to 
identify common patterns and processes and, importantly, the factors that cause 
variability in fragmentation responses between systems.
Recently, the effects of habitat fragmentation have been addressed in marine 
systems, and the principles of landscape ecology have been applied to nearshore marine 
environments (Robbins and Bell 1994, Irlandi 1995, Micheli and Peterson 1999). 
Eelgrass (Zostera marina) constitutes an important habitat for many fish and 
invertebrates (Orth et al. 1984, Orth and van Montfrans 1987, 1990), and exists naturally 
in a variety of spatial configurations ranging from small isolated patches to large 
continuous meadows (Thayer et al. 1984). Eelgrass beds are also fragmented by human
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activities including dredging, clam harvesting, commercial fishing, and recreational 
boating. Investigating the implications of seagrass patchiness for animal abundance and 
production is therefore important for understanding estuarine community structure and 
also for managing use of shallow areas. The goal of this work is to investigate the 
potential consequences of habitat fragmentation in the marine environment using eelgrass 
(.Zostera m arina) and associated mobile macrofauna as a model system.
Anthropogenic habitat fragmentation, while often inappropriately generalized as a 
single phenomenon (Haila 2002), can impact a variety of spatial parameters including 
total habitat area, patch size within the remaining habitat, connectivity between patches, 
and proportion of habitat edge. Since each of these spatial parameters can singly impact 
faunal utilization, a mechanistic understanding of community-level effects of 
fragmentation requires understanding the components in isolation. However, because 
fragmentation impacts multiple spatial parameters simultaneously, this is a difficult task 
in unmanipulated habitats. I used an ongoing seagrass restoration project as a vehicle to 
create habitat plots in spatial patterns that allowed me to partially disentangle effects of 
the four spatial parameters.
Many authors (Kareiva 1987, Robinson et al. 1992, Connor et al. 2000, Davies et 
al. 2000, Debinski and Holt 2000, and others) have argued convincingly that species- 
specific behaviors, life history traits, and interactions are largely responsible for observed 
habitat fragmentation effects, and that such characteristics generally override generalized 
predictions based on species-area relationships, patch extinction/colonization likelihood, 
or expected metapopulation dynamics. Despite these expectations, studies often treat 
epifauna and macrofauna as a homogeneous group, sometimes categorizing “sm all” and
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“large” categories according to body size (e.g. Eggleston et al. 1999, Heck et al. 2000). I 
suspected that this bulk approach masks differences in response between various taxa, 
and set out to examine whether responses to spatial pattern are indeed predicted by 
membership in likely body-size or mobility groupings, or if instead individual species 
respond idiosyncratically. This study tests the effects of small-scale habitat 
fragmentation on density and production of a subset of the eelgrass faunal community 
consisting of mobile, epibenthic decapod and peracarid crustaceans (crabs, shrimps, 
amphipods, and isopods), gastropods, and demersal fish. The group incorporates species 
with a range of sizes, dispersal abilities, life spans, and trophic roles, it can be efficiently 
and completely sampled, and it constitutes a highly productive component of estuarine 
food webs (Fredette et al. 1990).
Previous studies addressing spatial habitat patterning in a marine context have 
focused on a range of processes including predation (Whitlatch et al. 1993, Irlandi 1995, 
Bologna and Heck 1999a, Hovel and Lipcius 2001), growth rates (Svane and Ompi 1993, 
Irlandi 1994, Irlandi 1997, Reusch 1999), movement patterns (Virnstein and Curran 
1986, Crowe 1996, Chapman 2000), and colonization (Sousa 1984, Smith and 
Brumsickle 1989, Eggleston et al. 1998, Reusch 1998, Eggleston et al. 1999). Fewer 
studies have examined community-level properties or multi-species interactions (e.g. 
Keough 1984, Underwood and Skilleter 1996, Anderson 1999). Given that the structure 
and dynamics of seagrass epifaunal communities are poorly understood, documenting 
community-level processes in addition to responses of individual species is warranted. I 
chose to estimate the contribution of mobile epifauna to the total faunal secondary 
production. Edgar (1990b, 1999) and Edgar and Shaw (1995) found faunal production to
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be a more sensitive indicator of community-level process than total abundance or 
biomass. Estimating secondary production also allows a direct assessment of the 
potential trophic impact of fragmentation.
Several confounding variables preclude simple identification of the ultimate 
causes of fragmentation effects in natural grass beds. Natural seagrass meadows often 
include patches that span a range of size, shoot density, depth, shape, and degree of 
isolation from neighbors (Thayer et al. 1984). Shoot density, an important determinant of 
faunal utilization of seagrass habitat (Stoner 1980, Heck and Crowder 1990, Irlandi 1995, 
Hovel and Lipcius 2001), may vary unpredictably with patch size; Irlandi (1994, 1997) 
found lower shoot density in small, isolated patches than in areas of continuous cover, 
while Hovel and Lipcius (2001) found higher shoot density in small patches than in large 
patches. Fonseca and Bell (1998) documented decreasing percent cover, patch 
perim eter:area ratio, and sediment organic content with increasing wave exposure and 
current speed. Large and small patches may experience different local physical 
conditions due not only to their patch geometry (which may exert a feedback on wave 
and current energy) but also due to their placement within the nearshore landscape.
These experimental obstacles (co-varying patch size, energy regime, and shoot density, 
and non-random distribution of patches) can be overcome by manipulating spatial pattern 
using transplanted seagrass beds. Variation in shoot density between patches is 
minimized because all plots are planted at equal density, variation in depth and wave 
exposure between treatments is minimized, patches are distributed randomly within the 
transplant site, and true replication of fragmentation treatments is achieved.
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By sampling fauna in created eelgrass beds, I addressed the following questions:
1. Does eelgrass patch size affect macrofaunal density on the scale of meters to tens of 
meters?
2. Does small-scale eelgrass bed fragmentation, defined to include both loss of habitat 
and reduction of patch size, affect macrofaunal density on the scale of meters?
3. Does loss of habitat, independent of patch size reduction, affect macrofaunal density?
4. Do fauna of similar size, mobility, or trophic position respond similarly to habitat 
spatial pattern?
5. Are edge effects evident in the distribution of macrofauna within seagrass plots on the 
scale of meters, and are edge effects altered by fragmentation?
6. Does seagrass bed spatial pattern have consequences for epifaunal secondary 
production?
METHODS
Experimental eelgrass beds
Plots of eelgrass were created in October 1998 by transplanting individual 
eelgrass shoots from a natural seagrass bed in the lower York River to two sites in the 
lower Chesapeake Bay, Virginia, USA (Fig. 1). The York River site lies at 37.221° N, 
76.475° W  on the south shore of the York River just below Gloucester Point on a broad 
shoal that historically held large eelgrass beds but has been devoid of eelgrass since 
approximately 1972. The nearest natural eelgrass bed at the time of planting was 
approximately 5 kilometers downriver. The James River site lies at 36.971° N, 76.402° 
W  on the north shore of the lower James River just below the M onitor Merrimac Bridge
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Tunnel, and holds more naturally persisting patches of eelgrass than the York site, in 
addition to eelgrass remaining from a previous transplant experiment. Water depth at low 
tide at both sites varies from 0.5 to 1.0 m. W ater temperature at the sites during the 1999 
sampling ranged from 15 - 28° C, and salinity fluctuated between 16 and 23 psu. 
Sediments were characterized by 95% or greater sand (unpublished data).
The transplant technique, described in Orth et al. 1999, standardizes shoot density 
in created beds. Divers used a 4 m~ quadrat to guide the insertion of individual bare 
shoots into the substrate at 20 cm intervals, resulting in initial shoot densities of 500 
shoots / m A2. Some investigators have employed artificial seagrass as a means of 
standardizing shoot density. However, ecological realism is maximized by using 
transplant plots rather than artificial seagrass; Fonseca et al. (1990) documented similar 
faunal community composition and relative species abundance in transplanted and natural 
grassbeds, although the transplant plots (which featured lower shoot density than natural 
beds) contained fewer total individuals.
The following four plot types were created with spatial arrangements simulating 
fragmented or unfragmented habitats (Fig. 2): individual 4 m patches (hereafter called
9 2 2Small), 100 irT unfragmented plots (Med), 100 m plots fragmented into 9 separate 4 m
9
patches (Med-F), and 324 n r  fragmented plots containing the same total vegetated area
9
as M ed plots in 25 separate 4 m“ patches (Lg-F). For clarity, throughout this text “patch”
9
will refer to an individual 4 m “ vegetated area, while “plot” will refer to an array of 
patches constituting one replicate treatment.
At each site, three replicate plots of each of the four types were created along a 
constant depth transect. Onshore-offshore depth gradients required orientation of
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experimental plots in a transect parallel to shore at both sites to reduce variation in depth 
and exposure to wave energy. Plots were separated by 20 m of unvegetated sand. 
Placement of plot types along the transect was randomized within three blocks. At the 
James River site, the presence of a sandbar precluded creating a continuous transect, so 
one replicate of each plot type was created several hundred meters further along the 
shore. The presence of seagrass plots from a previous experiment, extending between the 
two sections of new transplants (but separated similarly by 20 m on each side), created a 
similar landscape-level context for all plots (Fig. 3).
Sampling
Epifauna (amphipods, isopods, and gastropods) were collected with 13 cm- 
diameter core tubes. Collecting bags of 250 pm mesh were fitted over the top end, and a 
rubber stopper with a small (1 cm) hole sealed the top of the tube. Divers placed a finger 
over the hole, submerged the air-filled tube, placed the tube over the intended sampling 
location, opened the hole, and gradually pushed the tube down as the suction created by 
escaping air pulled grassblades and associated fauna into the tube. This technique 
allowed much more consistent successful collection than “careful placem ent” of 
conventional cores, and reduced the problem of pinning seagrass under the tube edge, 
which results in loss of fauna and inconsistent measurement of seagrass biomass sampled 
(personal observation). A sharp metal plate was pushed under each core just under the 
sediment surface, cutting off eelgrass roots and enclosing the sample. Samples were 
transferred to plastic bags and frozen until processing.
M obile macrofauna (crabs, shrimp, fish, and gastropods) were collected 2-3 days 
after epifaunal sampling. A steel ring 0.6 m in diameter (enclosing 0.3 m2) with a 1 mm 
mesh sleeve extending to the surface was dropped at each sampling location, and the 
enclosed area was suctioned for two minutes with a gasoline-powered suction sampler 
(Orth and van M ontfrans 1987). The removal efficiency of this technique has been 
measured at over 90% for macrofaunal organisms at typical field densities (Lombana 
1999). Samples were collected in 0.8 mm mesh bags and frozen until processing.
Faunal samples were collected at both sites in June 1999, and again at the James 
River site in November. Plots at the York River site were mostly destroyed by repeated 
storm-related wave damage before fall sampling could take place. Sampling was 
designed to allow comparison of faunal density in the edge and interior of each plot 
(except Small). Subsamples from the edge patches of each plot were averaged, as were 
subsamples from the p lo t’s interior, generating two estimates of faunal density (edge and 
interior) per plot. In M ed and Lg-F plots, one core and one suction sample were collected 
from each of six to eight randomly selected edge patches, and from a similar number of 
randomly selected interior patches (Fig. 4). In Med-F plots, core and suction samples 
were taken from seven edge patches. Two suction samples and four cores were collected 
from the center patch of Med-F, Med and Lg-F plot, and from Small plots. The 
placement of each sample within each patch was randomly predetermined, insuring that 
cores and suction samples were taken (on different days) from non-overlapping areas of 
each patch.
Eelgrass attributes were measured by three methods. In 9 randomly selected 
patches in each plot, divers estimated percent cover in each of 16 cells in a 2m x 2m
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quadrat according to a 12-category scale derived from the terrestrial Braun-Blanquet 
crown cover scale (Causton 1988). In each selected patch, divers also counted the 
number of vegetative shoots within three haphazardly tossed 0.03 m 2 rings. In addition, 
grass percent cover in each patch was estimated by digital photo-interpretation of low- 
level aerial photographs (1 :2000 scale) of the experimental plots taken close to the time 
of each sampling. The images were orthorectified with Imagine image analysis software 
(ERDAS, Atlanta GA) using known ground control points placed in the field at the time 
of sampling. Pixel resolution was approximately 5 cm. Objective classification of 
seagrass area was enhanced by modeling variation in depth at each plot based on the 
reflectance values of bare sand surrounding the plot. Pixels were classified as vegetation, 
sand, or no data based on a threshold reflectance value that was determined for each site 
and did not vary between plots. Photointerpreted percent cover of vegetation is therefore 
comparable between plots, but uses a different scale than direct diver estimates.
Sample processing
After thawing, macrofauna (crabs, shrimps, fish, and gastropods) in suction 
samples were identified to species and counted. Blue crab carapace width and sex was 
recorded, and the number of ovigerous shrimp was noted. Epifauna in suction samples 
were not counted.
Amphipods, isopods, gastropods, and crabs in core samples were separated from 
eelgrass, and the grass biomass (dry weight) and surface area (using a Li-Cor area meter) 
were measured. Initial samples indicated tight correlation of biomass and grassblade area
' j
(n=20, r  > 0.95), so subsequently only biomass was measured. The remaining sediment
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and fauna were washed through a series of eight nested sieves (from 8 to 0.5 mm) to 
obtain size-specific abundance data for estimation of secondary production as described 
by Edgar (1990a). Estimation of production in populations with continuously 
reproducing populations in which cohorts are indistinguishable traditionally requires 
intensive sampling over time to observe biomass changes in the population. Edgar’s 
(1990a) method drastically simplifies the data required for estimating production by 
using existing data on growth rates of marine fauna to generate equations relating 
temperature and numbers of individuals retained on nested sieves to total secondary 
production. Accordingly, abundance of each species on each sieve was recorded. In 
addition, lengths of all individuals in > 20 samples were measured, and subsequently 
subsamples (n = 10) of caprellid amphipods were measured on each sieve to evaluate the 
consistency of the sieve method for elongated body forms. Biomass was estimated for 
each individual using published relationships between sieve size and ash free dry weight 
(Edgar 1990a Table III). Secondary production was calculated from biomass and field 
temperature using appropriate crustacean-specific, mollusc-specific, or caprellid-specific 
equations given in Edgar (1990a).
Data analysis
The six questions posed in this study were addressed by using univariate 
ANOVAs to test species-specific effects of fragmentation treatments on faunal density 
within and among the four plot types created. By conducting species-specific analyses, I 
was able to test theoretical expectations that small fauna should respond more strongly to 
small-scale spatial features than larger fauna (Kotliar and Wiens 1990, Eggleston et al.
1998, Eggleston et al. 1999), due to either perception of smaller-scale environmental 
variability, or selection of habitats from within a smaller range, concepts formalized by 
Kotliar and W iens (1990) in the terms “grain” and “extent” , respectively. Comparison of 
Small and Med plots constitutes the test of the effect of patch size, while comparison of 
M ed and M ed-F tests the effect of plot fragmentation. Fragmentation in this context is 
defined to include habitat loss and reduction in habitat connectivity, simulating the two 
processes that co-occur during anthropogenic habitat fragmentation. These two processes 
are examined individually by comparing Med with Fg-F plots (representing a reduction 
of habitat connectivity while keeping habitat area constant) and M ed-F with Fg-F plots 
(representing loss of habitat with similar connectivity between patches).
Split-plot ANOVA was used to test for differences in faunal density between 
edges and interiors of plots (excluding Small plots, which are considered entirely edge). 
Split-plot ANOVA accounts for the non-independence of samples from the edge and 
interior of the same plot; it treats Edge (with levels Edge and Interior) as a fixed-effects, 
within-plots factor, while Site (with levels James and York) and Type (with levels Med, 
Med-F, and Fg-F) are fixed-effects, among-plots factors. W here a species was absent 
from one site in the spring, and for fall data, split-plot ANOVAs included only the main 
factors Type and Edge. W here Type x Edge interactions in split-plot ANOVAs were 
significant, paired r-tests (pairing the density in each plot edge with its interior density) 
were employed for each plot type to test for edge effects within each plot type separately. 
Split-plot ANOVAs included only Med, Med-F, and Fg-F plots because Small plots are 
considered to consist entirely of edge and therefore have no “interior” samples. In order 
to examine effects of Type, therefore, two-way ANOVAs with factors Site and Type
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(including all 4 treatment levels) were employed for fauna appearing at both sites in the 
spring, and one-way ANOVAs with the factor Type were employed for data from the fall 
sampling at the James River site, or for fauna appearing at only one site in the spring.
Fall and spring data sets at the James site were analyzed separately. In order to correct 
for the disproportionately high sampling effort in interior areas resulting from stratified 
sampling designed to test edge effects, the data used for plot type comparisons (both 
statistical analyses and figures) were the weighted average of samples from edges and 
interiors. For each plot type, the average interior density was multiplied by the interior 
area, the average edge density was multiplied by the edge area, and the sum of the two 
products was divided by the total area to obtain a single unbiased mean density for the 
plot. Levene’s test, followed as necessary by Cochran’s test, showed that variances did 
not violate assumptions of homogeneity in all analyses with significant results. Non­
significant results were considered reliable despite potential heterogeneity of variances 
(Underwood 1997). Student-Newman-Keuls (SNK) post-hoc multiple comparisons were 
used to identify differing means following a significant ANOVA result (Zar 1996). All 
analyses were conducted using SAS v.8 software (SAS Institute, Cary NC). Split-plot 
analyses were performed using the MIXED procedure. All other tests employed the 
GLM procedure.
Alpha-level correction to reduce the experiment-wise risk of Type I error was not 
employed because an integral component of the investigation was the documentation of 
individual species’ responses based on their trophic position and life history 
characteristics. In employing this policy I followed the guiding principle that each 
response variable would warrant an independent experiment whose outcome (e.g. the
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significance level of caprellid am phipods’ response to fragmentation) should not depend 
on whether or not I simultaneously studied the response of shrimps to fragmentation. 
Because there is an arbitrary component to choice of the appropriate scale over which one 
should attempt to limit Type I error (i.e. allowing a 5% chance of a spurious null rejection 
over a single dataset, or over a single experiment, or over a single publication, etc.), I 
chose to report unadjusted results and allow the reader to interpret these individual results 
in the context of an experiment incorporating multiple simultaneous analyses. To reduce 
the number of analyses contributing to the cumulative probability of Type I error, and to 
avoid problems associated with heterogeneity of variances in datasets with many zero 
values, analyses were not conducted for species that were present in fewer than 10% of 
samples at a given site.
The arrangement of plots along a single linear row at each site created the 
possibility that faunal density along the transect might be differentially affected by 
unknown factors, such as delivery of suspended food particles or proximity to sources of 
faunal colonists. I conducted exploratory analyses using the covariate Distance, defined 
as the linear distance in meters from the downriver end of each transect, to test for such 
variability. As the effect of distance along the transect is not expected to be similar 
between sites, this covariate was only incorporated in ANCOVAs within sites. In the 
exploratory analyses, the covariate did not affect conclusions about significant 
differences among treatments, so Distance was excluded from further analyses.
Similarly, exploratory ANCOVAs incorporated the average percent cover of patches 
from which samples were taken as a covariate. In each case where the density of a 
species was significantly correlated with percent cover, the statistical significance of
14
main factors in the ANOVA led to the same conclusions in analyses with and without the 
covariate. Inclusion of the covariate results in loss of one degree of freedom from the 
error term in the statistical model and therefore reduces the ability to detect differences 
among treatments for species not influenced by percent cover, so in the absence of a 
compelling contribution of percent cover to the analysis of plot type differences, only 
analyses excluding the covariate are reported here.
RESULTS
Development o f  experimental eelgrass plots
Transplant plots were successfully established at both sites. By the time of the 
first sampling in June, seven months after transplanting, substantial growth had generated 
shoot densities between 160 and 800 shoots per m , at the low end of the range found in 
nearby natural seagrass beds (unpublished data). Despite planting at equal densities in all 
plots, shoot densities measured by divers in the spring were higher in M ed-F plots than in 
other plots at the James River (Fig. 5, Table 14, one-way ANOVA, F  = 14.27, df = 3, P 
= 0.001). Growth was more vigorous at the James, resulting in significantly higher shoot 
densities in the James than in the York for M ed-F and Lg-F plots (Table 8). Plant 
biomass collected in faunal core samples (a more direct measure of the grass attributes 
influencing fauna in samples) did not differ among plot types (Fig. 6, Table 6), but was 
significantly higher at the James site (Fig. 6, Table 5, two-way ANOVA, F  = 33.10, df = 
1 , P <  0.0001).
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Percent cover estimates made by divers observing nine patches in each plot 
(except Small) showed no difference among plot types in the spring (Tables 13,14), but 
significantly higher cover in the James than York in the spring in Small, Med, and M ed-F 
plots (Fig. 7, Tables 8, 13, one-way ANOVA). Two-way ANOVA indicated a significant 
Site x Type interaction, but subsequent one-way ANOVA at each site showed no 
significant effect of plot type (Table 14). By fall, the plots in the York had been mostly 
destroyed by wave damage (Orth et al. in prep), and were not sampled for fauna. Plots in 
the James were largely intact, however percent cover differed among plot types (Fig. 7, 
one-way ANOVA, F  = 4.29, df = 3, P = 0.044). Although SNK post-hoc comparisons 
failed to identify significantly differing means, it is apparent that cover was lower in Med 
than in other plots (Fig. 7).
Diver estimation of percent cover is known to be imprecise and variable between 
observers. Consequently, aerial photography of the experimental sites was acquired and 
grass percent cover was estimated by digital photointerpretation. W hile the latter method 
does not offer direct comparability with diver estimates, it allows comparison of the 
relative trends observed by divers. The photointerpreted data corroborates the trends 
observed in the diver data set; percent cover was lower in the James River M ed plots than 
other plot types in spring and fall (Fig. 8, Table 14).
Core samples
The relative abundance of dominant species collected in core and suction samples 
is given in Table 1. Caprellid amphipods were by far the dominant taxon in spring 
samples, and were still the most abundant amphipod in the fall (Fig. 9a). Caprella
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penantis was highly dominant (estimated at >95% of caprellids), but some individuals of 
Caprella geometrica and Paracaprella tenuis were also present. Separating these species 
would have been prohibitively time-consuming, so results for caprellids integrate all three 
species’ responses. It is assumed that C. penantis is responsible for the trends observed. 
Despite their elongated, flexible shape, caprellids were sorted predictably by the nested 
sieves, and appeared to exhibit a bimodal size distribution (Fig. 11). Preliminary 
analyses examining the separate responses of small and large size classes, split at 1 mm 
sieve size, gave results substantially similar to results for the composite group, and are 
not presented here. Caprellids were more abundant in edges of all plot types in the fall at 
the James River (Fig. 10a, Table 5, split-plot ANOVA, F  = 13.69, df = 1 ,P  = 0.010).
Ampithoe longimana was the second most abundant amphipod in the fall at the 
James River, and was present in low densities in the spring at both sites (Fig. 9a). It was 
significantly more abundant in edges than interiors of all plot types at the York site in the 
spring, and within Med plots at the James site in the fall (Fig. 10a, Tables 5, 9), but 
showed no response to Plot Type at either site (Fig. 9a, Tables 6, 7). Its congener 
Am pithoe valida was more abundant in the James River than in the York in M ed and 
M ed-F plots (Fig. 9a, one-way ANOVA, Table 8). A. valida was significantly denser in 
plot edges than interiors in all plot types at the James in the fall (Fig. 10a, Table 5, split- 
plot ANOVA, F  = 6.96, df = 1, P = 0.039). Cymadusa compta , a functionally similar 
tube-dwelling grazing amphipod, was present in < 10% of samples in the spring, and 
exhibited no plot type or edge response in the fall (Fig. 9a, 10a, Tables 5, 7). Gammarus 
m ucronatus, a dominant amphipod in spring core samples, showed higher densities in 
Small plots than in other plots in the York River (Fig. 9a, one-way ANOVA, Table 7),
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but at the James River, it was found at lower density in Small plots than in Lg-F plots in 
the spring (one-way ANOVA, Table 7). Gammarus was more abundant in the York than 
in the James River within Small and Med plots in the spring (Table 8), and was not 
differentially abundant in plot edges, although there was a trend toward higher density in 
plot edges in the fall (Fig. 10a, Table 5, split-plot ANOVA, P = 0.054). M icroprotopus 
raneyi was more abundant in plot edges at the James River in the fall (Fig. 10a, Table 5, 
split-plot ANOVA, F = 10.39, df = 1, P = 0.018), and more abundant in the York than 
James Rivers during the spring (Fig 9a, two-way ANOVA, Table 6). Elasmopus levis, 
which like Gammarus is a rapidly swimming epifaunal amphipod, was common in fall 
samples (Fig. 9a), and was significantly more abundant in plot edges than interiors in all 
plot types in the fall (Fig. 10a, Table 5, split-plot ANOVA, F  = 6 . 2 \ , P  = 0.047). 
Erichthonius brasiliensis, a tube-building amphipod, showed no significant response to 
plot type at the James (Fig. 9a, Table 7). It was absent from the York River site. In the 
fall, E. brasiliensis was more abundant in edges than interiors of Lg-F plots (Fig. 10a, 
split-plot ANOVA, Table 5, paired r-test, Table 9). Corophium  spp., an infaunal 
amphipod group not targeted in the study, was nonetheless abundant in samples, 
presumably because a small amount of sediment was included at the base of each core 
sample. They were more abundant at the James than York River site in spring, but did 
not respond to plot type or edge (Fig. 9b, 10b, two-way ANOVA, Table 6). Because the 
core sampling method was not designed to quantitatively sample infauna, this result 
should be interpreted with caution.
The isopod Idotea baltica was more abundant in the James than the York in the 
spring (two-way ANOVA, Table 6) but was absent from the James in the fall (Fig. 9b).
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Iclotea showed no consistent response to plot edge (Fig. 10b, Table 4). Erichsonella  
attenuata , rare in spring samples but occasionally taken in fall samples at the James, 
showed no difference among plots in the fall (Fig. 9b, Tables 5, 7), but was more 
abundant in interiors than edges of Lg-F plots (Fig. 10b, paired t-test, Table 9). Edotea 
triloba responded variably to edge at different sampling times and locations. Edotea  was 
more abundant in interiors than in edges in Med-F plots in the spring at the York site 
(Fig. 10b, split-plot ANOVA, Tables 4, 5, paired t-test, Table 9), but showed no 
significant response to edge in the spring or fall at the James (Tables 5, 9).
The gastropod M itrella lunata was found at the James site but was largely absent 
from the York River samples (Fig. 9b). Gastropod density in core samples was not 
standardized to grass biomass because all gastropods included in the study are found in 
abundance on the sediment surface, so core area is assumed to be a better measure of 
sample size than grass biomass. An exploratory ANCOVA using grass biomass as a 
covariate found a significant Type x Grass Biomass interaction at the James in the spring 
(F = 9.56, df = 3, P = 0.027), indicating heterogeneity of slopes among treatments. In 
the fall at the James, the covariate was non-significant (P > 0.25). Grass biomass was 
excluded from subsequent analyses for Mitrella. Mitrella showed a non-significant trend 
toward higher abundance in Small plots than in other plot types at the James in the spring 
(Fig. 9b, one-way ANOVA, Table 7), but did not respond to plot type in the fall. In core 
samples, Mitrella  showed no consistent pattern of response to edge in spring or fall 
(Table 5). The mud snail Nassarius obsoletus was absent from the York River site in the 
spring, and at the James River site it showed no response to plot type (Fig. 9b, one-way 
ANOVA, Table 7).
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The aggregate group composed of all small crustaceans in core samples 
(amphipods and isopods) showed no significant responses to plot type or edge (Tables 5, 
6, 9). Total secondary production estimated from core samples did not vary among plot 
types or between edge and interior, but was significantly higher at the James than at the 
York site (Fig. 12, Tables 4, 5, 14).
Suction samples
Blue crabs, Callinectes sapidus, were grouped for analysis into the following size 
classes utilized by Pile et al. (1994): settlers (instars 1-2, carapace width < 4.2 mm), 
recruits (instars 3-5, c.w. < 9.1 mm), juveniles (instars 5-9, c.w. <16.1 mm), and adults 
(c.w. > 16.5 mm). No size class showed any significant response to plot type or edge, 
nor did the composite group incorporating all sizes (Fig. 14, Tables 11-14; analyses 
presented only for composite group). Blue crab postlarvae, however, were found in 
significantly higher densities in plot edges than interiors in all three plot types in the fall 
samples at the James River (Fig. 10c, Table 12, split-plot ANOVA, F  -  21.88, df = 1, P 
= 0.003). Sand shrimp, Crangon septemspinosa , showed no significant response to any 
factor (Tables 11-14). Grass shrimp, Palaemonetes vulgaris, were more abundant at the 
James site than at the York within Med plots in the spring (Fig. 9c, Tables 13, 8), but did 
not differ in density between plot types or between edges and interiors at either site 
(Table 11). Their fall abundance did not warrant analysis. Northern pipefish, Syngnathus 
fuscus, were more abundant at the James River than the York in the spring (Fig. 9c, one­
way ANOVA, Table 8), but showed no significant response to plot type or edge (Tables 
13, 14). The mud snail Nassarius obsoletus showed no significant response to any factor
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(Tables 12, 14) but its congener N. vibex was more abundant at the James River site 
overall in spring (Fig. 9c, two-way ANOVA, Table 13), and more abundant in the 
interiors than edges of M ed-F plots at the James River in spring (Fig. 10c, paired Ftest, 
Table 9).
The gastropod Mitrella lunata was abundant at the James River site in spring but 
absent from the York (Fig. 9c). At the James in the spring, Mitrella was more abundant 
in edges than interiors of all plots (Fig. 10c, Table 12, split-plot ANOVA, F  = 14.20, df = 
1, P = 0.009), and more abundant in Small plots than in any of the other plot types (Fig. 
9c, Table 14, one-way ANOVA, F  = 7.61, df = 3, P = 0.010, SNK post-hoc 
comparisons).
Analyses of total large crustaceans (shrimps and crabs) and total gastropods in 
suction samples showed no response to treatments. Large crustaceans were more 
abundant at the James site (two-way ANOVA, Table 11), while total gastropod density 
was not compared between sites because only N. vibex populated the York site. The total 
number of individuals in suction samples (all species collectively) was greater at the 
James than York sites (Table 13, two-way ANOVA, F =  68.33, df = 1, P < 0.001), and 
split-plot ANOVA revealed that the total density of individuals (all macrofaunal species 
combined) was greater in plot edges than interiors across plot types in spring suction 
samples at the James (Fig. 13, split-plot ANOVA, Table 1 1).
Table 3 summarizes the results of statistical analyses for effects of plot type and 
for edge effects within plots.
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DISCUSSION
In a recent synthesis of the conceptual origins and subsequent development of 
habitat fragmentation research, Haila (2002) argued that widespread conceptual fusion of 
distinct but co-occurring processes into the loosely defined phenomenon “fragmentation” 
has hindered recognition of important commonalities and distinctions among empirical 
studies of habitat spatial pattern. The present investigation represents an attempt to avoid 
that shortfall by examining the individual and combined effects of habitat loss and 
alteration of spatial pattern in an experimental setting that removes the confounding 
influences of landscape context and habitat structural features. The results, summarized 
in Table 3, indicate that at the scale studied, changes in habitat area, habitat connectivity, 
and patch size have few consistent effects on densities of most epibenthic macrofaunal 
invertebrates studied. However, for several species of amphipods and isopods, and for 
blue crab postlarvae, small-scale edge effects seasonally influenced faunal densities on 
the scale of meters. For epifauna, analysis of community-wide patterns masked 
significant variability in species-specific responses, while for larger invertebrate 
macrofauna, trends observed in the overall group response were not identified in 
individual species-specific analyses.
Patch size
The expectation that patch size may affect faunal densities is closely tied to 
physical mechanisms underlying edge effects, since smaller patches have a higher 
proportion of edge than larger patches. However, for fauna regularly moving among
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patches and therefore able to select from a range of potential habitats, patch size effects 
may be more greatly affected by specific behavioral traits and the arrangement of 
surrounding alternative habitat choices (Stoner and Lewis 1985). The fauna exam ined in 
this study included low-mobility species expected to be responsive to edge processes (e.g. 
caprellid amphipods) as well as highly mobile species known to show habitat selectivity 
(e.g. blue crabs), but results did not reveal a consistent pattern in patch size effects. The 
only species demonstrating a significant response to patch size (assessed by differences in 
density between Small and Med plots), Gammarus mucronatus, showed inconsistent 
effects across sites and seasons. These results indicate no clear, consistent pattern of 
response to patch size.
In the context of previous empirical studies of patch size effects, idiosyncratic 
responses of seagrass epifauna are not surprising. Terrestrial studies examining the effect 
of patch size on faunal density have yielded variable results (Robinson et al. 1992,
Bender et al. 1998, Fahrig and Jonsen 1998, studies included in Paton 1994 and Connor 
et al. 2000). Bender et al. (1998), reviewing terrestrial patch size effects, concluded that 
effects are frequently species-specific and habitat-specific, and that, surprisingly, 
dispersal ability did not appear to affect patch size response. In the marine environment 
the default expectation is that interception of randomly moving dispersers should yield 
higher densities in small patches than in large patches due to their higher perim eter to 
area ratio (Paine and Levin 1981, Keough 1984, Sousa 1984, Smith and Brumsickle 
1989, McNeil and Fairweather 1993, Eggleston et al. 1998, Eggleston et al. 1999). The 
general lack of observed patch size effects may indicate that faunal densities for most 
species in this experiment were driven by factors other than patch colonization. In a
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study documenting initial epifaunal colonization rates, Eggleston et al. (1999) found
• 9 9higher densities of amphipods and Palaemonetes spp. in small (0.25m“) than large (1 n r )  
artificial habitat patches, a pattern attributed to enhanced colonization rates. In contrast, 
the general absence of patch size effects for amphipods in the current study may indicate 
that colonization in this setting was uninfluenced by patch size, that post-colonization 
processes modify initial densities, or that patch size effects differ at the larger scale 
studied here.
Loss o f  habitat
Comparison of Lg-F, Med-F, and Small plots simulates the progressive effect of 
small-scale loss of habitat, independent of any changes in patch size or habitat
9 9connectivity. The 64% reduction in habitat area from 100 ir f  to 36 n r  (the difference 
between Lg-F and M ed-F plots) did not significantly alter the mean density of any 
species. The trend in Gammarus mucronatus densities at the James site in spring is 
consistent with decreasing density with loss of habitat (Fig. 9a), but this pattern is 
reversed at the York site, where Small plots held the highest Gammarus densities. 
Terrestrial studies that have identified effects of loss of habitat have typically featured a 
wider range of habitat area than the current study, often encompassing areas large enough 
to affect population-level demographic rates.
Plot fragmentation and alteration o f spatial pattern
Habitat connectivity is an important determinant of faunal utilization in many 
habitat types (With and Crist 1995, Beier and Noss 1998, Gonzalez et al. 1998, Micheli
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and Peterson 1999), but individual effects of spatial pattern and habitat amount for 
marine fauna are largely undocumented. Caley et al. (2002) manipulated coral heads and 
found that the distinct effects of small-scale habitat loss and fragmentation differed 
among shrimps and territorial crabs, with shrimps responding negatively to habitat 
degradation but not to habitat loss, while trapezid crabs responded positively to 
fragmentation. Goodsell and Connell (2002) manipulated kelp holdfast habitats to 
separate effects of proximity from those of habitat amount, finding that proximity 
mitigated effects of habitat loss at small scales for fauna with low population densities.
In general, it can be expected that where habitat is patchy, faunal interactions with 
species inhabiting the patch matrix may be increased relative to unfragmented habitats 
(Bach 1988, As 1999, Laurance 2000). Bowden et al. (2001) concluded that differences 
in infaunal community structure within large and small eelgrass beds were primarily due 
to the absence of matrix-inhabiting species, common in bed edges, from the interior of 
large beds.
Isolating the two components of habitat fragmentation, loss of habitat and 
alteration of spatial pattern, by creating Med, Med-F, and Lg-F plots did not in this case 
reveal distinctions between the two processes because no species responded differentially 
to these treatments. Despite the general lack of response to fragmentation treatments, the 
separate assessment of effects of habitat loss and spatial pattern allows the conclusion 
that in the context of seagrass habitats at the scale of this experiment, there do not exist 
simultaneous, offsetting mechanisms that might hide fragmentation effects. For example, 
in a hypothetical study comparing only “fragmented” and “unfragmented” plots, faunal 
density might be negatively correlated with habitat area but positively correlated with the
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degree of habitat continuity, resulting in no observed difference in density between 
treatments. My results discount this possibility. The inclusion of Med, Med-F, and Lg-F 
plots was also instrumental in determining that the edge effects found within individual 
plots were not generally sensitive to habitat amount or spatial pattern. This finding 
distinguishes this experiment from most of the spatially-oriented marine studies (e.g. 
Irlandi and Peterson 1991, Bologna and Fleck 1999b) that document patterns without 
examining what spatial factors might enable or subvert edge effects; I know of no other 
study that examines edge effects in otherwise similar fragmented and unfragmented 
habitats. The conclusion follows that, for the species exhibiting significant edge effects 
across all plot types, separate mechanisms are likely to drive densities at large and small 
scales (between- and within-plots, respectively). For these species, the distribution of 
individuals among plots seems not to be affected by plot-scale features, but after arrival 
at a given plot, individuals may actively (via preferential movement) or passively (via 
flow effects or differential predation) become redistributed with respect to the p lo t’s 
edge.
Potential sampling artifacts
The consequences of small sample sizes must be considered in light of the finding 
that the only significant differences between plot types were between Small plots and 
other plots. The sampling effort in Small plots was necessarily lower than in other plots, 
in some cases by a factor of 3 or more. Large differences in sampling effort should tend 
to create heterogeneity of variances between treatments (Zar 1996). However, even 
where data clears Levene’s and Cochran’s tests (i.e. heterogeneity of variances should not
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inflate Type I error), estimates of means deriving from small sample sizes are 
nevertheless likely to be less precise than those deriving from large sample sizes. This 
difference in precision, separate from any variance heterogeneity, may have contributed 
to an increased probability of identifying differences between Small plots and other plots. 
In all cases in this study, data were examined for heterogeneity of variances using 
Levene’s test. In several instances, heterogeneity of variances was identified but 
ANOVA results were non-significant. Since heterogeneity of variances will only inflate 
Type I error rates, non-significant results are still reliable in these cases (Underwood 
1997). All significant results derived from data that were found not to violate ANOVA 
assumptions.
A parallel issue affecting Small plots is the sampling effect associated with any 
sampling scheme in areas of different sizes. Even in the absence of any ecological 
mechanism generating a difference between treatments, larger areas (plots) have an 
inherently greater probability of incorporating some rare feature affecting the sampled 
parameter, be it a persistent environmental difference or a chance disturbance event. 
Exam ples might be the greater probability that a boat propeller or a clump of drift algae 
carrying amphipods would encounter a Lg-F plot than a Small one. The influence of 
such an event might be less in a large plot, since a smaller proportion of the p lo t’s area 
would be directly affected. For the purposes of this study, this phenomenon is not 
considered an artifact but an integral part of the ecological consequences of plot type.
D evelopment o f seagrass attributes
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The possibility that development of experimental grass patches varied among 
treatments raises the question of whether variability in grass attributes among treatments 
compromises conclusions regarding faunal responses to spatial pattern. The finding that 
average shoot density measured by divers within haphazardly tossed rings was higher in 
M ed-F plots than in other plots at the James in the spring is at odds with measurements of 
grass biomass in faunal core samples. The more instructive data for the purpose of 
comparing treatments is the biomass of grass in faunal core samples, for three reasons. 
First, the grass biomass and core faunal density datasets are derived from the same 
samples, whereas diver estimates of percent cover and shoot density introduce sampling 
error because the subset of patches in which shoot density estimates were made in each 
plot was not the same as the subset of patches sampled for fauna. Second, grass biomass 
in core samples is a direct measurement of the habitat actually sampled, whereas shoot 
counts from tossed rings may not reflect the amount of grass at sampled locations 
because grass is unevenly distributed within patches. Third, the very small area of each 
patch enclosed by the rings used to measure shoot density increases the probability of 
random sampling error. Since the rings were haphazardly tossed and often landed in 
mostly bare regions, the shoot density measurements were very sensitive to variability in 
percent cover, while the cores were directed toward areas with grass coverage. Grass 
biomass data from faunal core samples indicates that, over the area of each plot in which 
grass became successfully established, animals had similar amounts of plant surface area 
available per unit bottom in all plot types. Therefore core samples are not biased toward 
smaller effective sample sizes in Medium plots at the James.
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At a larger scale, however, the area over which plants grew (the attribute most 
directly measured by percent cover) was apparently lower in Medium plots at the James, 
but a caveat must be introduced. The selection of patches for estimation of percent cover 
was made without regard to the presence or absence of grass, because the primary 
purpose of that data gathering effort was assessing the effectiveness of the spatial 
treatments for purposes of grass restoration. Similarly, the aerial photography 
incorporated the entirety of each plot. Meanwhile, patches containing no grass or 
minimal grass were excluded from faunal sampling. In Med plots, the offshore edges 
were particularly eroded by breaking surface waves, and significant grass was lost by the 
time of the fall sampling, averaging approximately 30% of the plot area. The lower 
average percent cover, therefore, might be better characterized as an indication that Med 
plots were effectively smaller than planned, not that grass attributes differed among 
treatments in the sampled areas of plots where grass persisted.
The consequences of smaller Medium plots include the expectation that 
observations of patch size effects (by comparison with Small plots) are less likely. Since 
fragmentation effects (comparison with Med-F) already incorporate loss of habitat, any 
findings of significant differences should be conservative. Finally, comparison with Lg-F 
plots is more complicated because the parameter intended to be held constant, habitat 
area, actually varies along with habitat connectivity and plot size.
Fall edge effects
The most striking result observed in this study was the predominance of edge 
effects observed at the James River site in the fall (Table 3). Four amphipod species (A.
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valida, M. raneyi, E. levis, and C. penantis) and blue crab postlarvae were denser in 
edges than interiors of all plot types in the fall excluding Small plots, which have no 
interior. In the spring, three of those species (A. valida, M. raneyi, C. penantis) were 
present but showed no edge effects, while E. levis and blue crab postlarvae were not 
present. For the four amphipods, significant edge effects persisted despite changes in 
plot fragmentation and plot size.
Insensitivity of edge effects to plot type would be expected if edge effects are the 
result of behavioral responses to plot geometry by fauna, independent of any physical 
differences between edge and interior habitat. If, for example, dispersing individuals 
settle in the first available habitat encountered (Bell and W estoby 1986), then edge 
effects on the distribution of settlers would be observed regardless of the structural 
features of the plot interior. Bologna and Heck (2002), examining edge effects on 
epifaunal densities in turtlegrass (Thaiassia testudinum ) beds, found significantly higher 
peracarid densities at edges of Thalassia testudinum  beds than in bed interiors, and 
attributed the pattern to active habitat selection by highly mobile amphipods moving 
among beds.
This model is consistent with the frequency of fall edge effects across plot types, 
but fails to explain the total absence of edge effects among the same species in the spring. 
Seasonal differences in dispersal behavior or habitat preference are possible, but in the 
absence of any data suggesting such a pattern, they seem less likely to be im portant than 
observed physical differences between plots in spring and fall (described below).
A similar argument could be made that the behavior of predators with respect to 
plot edges could explain differential densities of prey items (Irlandi et al. 1995). Either
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mobile fish predators moving among plots selectively preying on fauna in plot edges, or 
resident predators such as blue crabs or small fishes preferring to stay away from plot 
edges could create gradients in prey distribution within plots. The magnitude of 
predation on the amphipods studied is unknown, but seems unlikely to drive density of 
these prey species. The potential predators, namely blue crabs, gobies, blennies, spot, 
croaker, silver perch, and pipefish, are all extremely mobile on the scale of individual 
plots, yet amphipod densities were observed to vary dramatically among samples on the 
scale of meters. If intense predation were regulating the spatial distribution of 
amphipods, locally high densities of easily predated amphipods would seem unlikely.
An alternative explanation is that edge effects are created by a physical or 
structural difference between edge and interior habitat, such as a difference in suspended 
particle flux or epiphyte growth. Structurally distinct “edge habitat” is a common feature 
where the physical environment of the matrix (the uninhabited area between patches of 
habitat) alters habitat attributes near an edge (Lovejoy et al. 1986, Saunders et al. 1991, 
Bruno and Kennedy 2000, Gascon et al. 2000). The creation of ecotones characterized 
by edge specialist species can be a major component of forest fragmentation effects (e.g. 
Stouffer and Bierregaard 1995), and edge effects have been shown to affect growth rates 
for bivalve molluscs in seagrass beds (Irlandi and Peterson 1991, Bologna and Heck 
1999a).
One candidate mechanism is variability in the amount of light available within 
plots. Edgar (1990 b) demonstrated reductions in the abundance of grazing amphipods in 
light-limited microcosms. On a sub-meter scale, seagrass at the very edge of a patch 
could experience an enhanced light field. Light incident from the side and backscattered
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from the neighboring sand bottom could enhance epiphytic growth along patch edges. 
W here plants exist at high densities, shoots along the patch edge can lean out over bare 
sand, intercepting more light than plants in the patch interior. This mechanism fails to 
explain the edge effects found across plot types in the fall since all edges of all patches 
within M ed-F and Lg-F plots, not just around the plot’s perimeter, would experience 
increased light fields. Also, designated sampling locations for each patch were randomly 
distributed across the patch, rarely within decimeters of the edge where the light field 
would be enhanced. If the local light field were the factor regulating grazer density via 
epiphyte growth, one would expect equivalent density in Small, Med-F, and Lg-F plots, 
and lower density in Med plots, with potential edge effects within M ed plots. This is 
quite unlike the observed distribution. Furthermore, the observed seasonality of edge 
effects remains unexplained by differences in the light field, which should have been 
similar in spring and fall.
A mechanism that appears to fit the expected criteria is a reduction in 
hydrodynamic energy, manifesting as deposition of sediments within transplant plots. 
Accumulation of sediment in the transplant patches was observed by the time of the fall 
sampling. Enhanced deposition of suspended particles resulting from local reduction of 
hydrodynamic energy creates a characteristic hummocked shape in natural seagrass 
patches (Fonseca et al. 1983). Although no precise measurements were made, divers 
perceived a shallowing of patches compared to adjacent sandy bottom in the fall. By the 
following spring, shoaling within vegetated areas was estimated at 6-8 inches, and was 
observed in the individual 2m x 2m patches of Med-F and Lg-F plots as well as in Med 
plots. These observations present both a mechanism that might generate edge effects
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directly, and indirect evidence of strong physical processes that might be more important 
determinants of edge effects. At the least, shoaling of plots indicates that the spatial scale 
over which the transplanted seagrass abated turbulent hydrodynamic energy enough to 
create observable differences in the physical environment was less than two meters, 
because its effects were observed within patches only 2 meters across. The reduction of 
current flow by eelgrass is well documented (Fonseca et al. 1982, Gambi et al. 1990, 
Irlandi and Peterson 1991). Irlandi et al. (1999) measured an 80% reduction of ambient 
current flow near the bottom only 80 cm from the leading edge of a 1 m seagrass patch, 
although the shoot density was over twice that in the current experiment. This reduction 
in hydrodynamic energy over a very short distance could help explain the persistence of 
edge effects in M ed-F plots despite the lower total amount of seagrass available to baffle 
wave and current energy when compared with Med and Lg-F plots.
A number of factors associated with a reduction in hydrodynamic energy within 
plots, other than the observed sediment deposition, could be proximal mechanisms 
affecting distribution of epifauna within plots. Animals could be directly affected by 
turbulent energy via disruption of grazing (Shanz et al. 2002) or enhancement of feeding 
(for filter feeders) (Sanford et al. 1994). Turbulent energy could indirectly affect animals 
via effects on the abundance or community composition of attached fouling organisms 
(Kendrick and Burt 1997). Growth of filter-feeding hydroids might be especially 
sensitive to small-scale effects of turbulent energy on the delivery of food particles; 
hydroid growth has been shown to be positively correlated with water flow (Marfenin 
1985, Hunter 1989, Judge and Craig 1997). Hydroid fouling could in turn limit substrate 
available for growth of the epiphytic microalgae that serve as a food source for many of
the taxa exhibiting edge effects during the fall. Vigorous growth of hydroids could have 
a negative impact on epifauna by reducing food availability, or a positive effect through 
the provision of additional structure.
An effect generated by the interaction of fouling organisms with the incident 
hydrodynamic energy is consistent with the observed dominance of edge effects in the 
fall, since grass in the experimental plots was uniformly bare of macroalgae or 
hydrozoans in the spring, but in the fall exhibited a moderate coating of macro-epiphytes 
dominated by the red filamentous alga Polysiphonia sp. and unidentified hydroids. The 
degree of epiphytization of fall samples was noted during sample processing for those 
few samples that appeared especially clean or heavily fouled. Personal observation 
suggested that the degree of fouling did not vary dramatically among samples. 
Preliminary examination of the sparse data on fouling showed no patterns. Greater 
resolution would likely be required for productive analysis, since most samples fell into 
the middle fouling category. Formal analyses were not conducted.
Further investigation is warranted into physical processes potentially creating 
edge effects in fragmented seagrass habitats of varying sizes. The physical mechanism 
implicated in this experiment is distinct from many of the processes creating edge effects 
in terrestrial systems in that oscillating tidal currents change the direction of flow four 
times daily. Turbulent energy is likely to be most greatly reduced at the lee edge on each 
tidal cycle, creating effects only in one dimension. This process might produce edge 
effects reversed in direction from what might be expected by superficial consideration of 
physical processes acting on plot edges. For example, one might expect plot interiors to 
experience the greatest reduction in particle flux, when in fact oscillating currents could
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produce lower total particle fluxes at plot edges when integrated across tidal cycles. In 
addition, incident wave energy might create an entirely distinct effect in the offshore- 
onshore dimension. Both mechanisms could lead to asymmetric patterns unlike those 
expected in terrestrial forest fragments.
Potential sampling artifacts influencing edge effects
The development of the seagrass plots over the summer is of special concern 
given the finding that edge effects became important in the fall. At the time of the fall 
sampling, all three Med plots at the James River had experienced significant loss of 
seagrass from one corner of the plot such that the springtime interior constituted the new 
edge of the plot (Fig. 15). The area defined as interior in M ed plots was therefore 
redefined for the fall as an 8 m “ area insulated from the plot edge by 2 m in every 
direction, the same distance used to define interior during the spring sampling. The 
reduction in interior area of Med plots in the fall necessitated reduced sampling effort in 
interiors, whereas sampling effort was evenly distributed between edges and interiors in 
M ed plots in the spring. Similarly, edges of M ed-F plots received greater sampling effort 
than did their interiors in spring and fall, because only a single patch constituted their 
interior.
The effect of this unbalanced sampling effort on analytical error rates was 
exam ined by computer simulation. The model simulated a random distribution of 
individuals within seagrass plots by randomly assigning individuals to bins explicitly 
representing the 77 core samples included in the fall dataset, with the same number of 
bins as samples in each p lo t’s edge and interior (Table 2). For each run of the simulation,
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the average number of individuals was calculated for the interior bins and for the edge 
bins in each of the three replicate plots, and a paired t-test with 2 degrees of freedom 
tested for a significant difference between edge and interior. Because species at low 
density could be more sensitive to fragmentation effects (Summerville and Crist 2001, 
Goodsell and Connell 2002), the simulation was formulated to also examine whether 
rarity might exacerbate any effect of imbalanced effort by simulating sampled population 
sizes varying from 18 to 50 individuals. At each population size, the model was run 1000 
times to generate a single data point, the number of t-tests reporting P < 0.05 (Type I 
errors). Type I errors are grouped for presentation into those indicating higher density in 
edges or interiors. After 1000 runs, the simulation was expected to yield an average of 25 
Type I errors in each direction if imbalanced sampling effort had no effect. Sets of 1000 
runs were repeated 4 times at sampled population size 18, 19, and 20 (chosen to represent 
my 10% abundance cutoff for analyses, and to identify any numerological artifacts 
resulting from even, odd, or prime number population sizes), and at population sizes 48, 
49, and 50 (Fig. 16). Examination of Fig. 16 reveals no discernable inflation of Type I 
error rates at moderately low density (48-50 individuals). At extremely low density (18- 
20 individuals), while the overall Type I error rate is still clustered around 5% (summing 
the edge-dominant and interior-dominant rates), there may be a trend toward more 
frequent edge-dominant effects in Med-F plots. The effect appears small com pared to the 
overall scatter in error rates. Among species that responded significantly to habitat edge 
in the fall, only A. valida was at extremely low density (it appeared in only 13% of 
samples), so the numerous fall edge effects are not considered to be an artifact of unequal 
distribution of sampling effort.
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Seasonality o f edge effects
The relative absence of edge effects for amphipods in spring compared with the 
fall is consistent with the hypothesis that alteration of the hydrodynamic regime within 
plots produced the edge effects observed in the fall. The most rapid growth period for 
eelgrass in Chesapeake Bay is early spring (Orth and Moore 1986), just before the spring 
sampling. Therefore the period between the spring and fall sampling would have resulted 
in a greater net deposition of particles than the period between planting and the first 
sampling in spring, and any of the potential mechanisms deriving from depth differences 
should be more important in fall than in spring. Seasonal differences are also consistent 
with the hypothesis that differential predation caused edge effects among the prey 
amphipod species, because predation intensity is known to increase during the summer 
with the arrival of predatory fishes.
Among the gastropods responding to edge in the spring, N. vibex was more 
abundant in the interior of M ed-F plots, and M. lunata was more abundant in edges of all 
plots. These taxa were present in both suction samples and core samples, but their 
densities in the much smaller core samples were much lower, and no significant results 
were observed in core samples. N. vibex was frequently observed depositing egg cases 
in long rows along grass blades at the James River in the spring (personal observation), 
and rows of egg cases on grass blades were abundant across the James site. Mitrella  
lunata is an omnivorous predator that has been demonstrated to exert control over fouling 
community structure by grazing newly settled larval ascidians, which can be competitive 
dominants for space on substrates (Osman and Whitlatch 1995). The mechanisms
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regulating M. lunata distribution are unknown, but their greater density in plot edges than 
interiors across all plot types in the spring is suggestive of a pattern following settlement 
of larval fouling organisms.
Both gastropod species are distinct from most other organisms included in this 
study in that dispersal of adults to the experimental plots from nearby habitats represents 
a major energetic investment. Both species were abundant on the sediment surface 
within plots among the grass shoots (personal observation), but on a broad scale are 
generally found more in association with vegetation than on bare substrates (R. Diaz, 
personal communication). For the tiny M. lunata, even travel across a single plot could 
be a journey of days. Their relative density in plot edges in the spring may simply reflect 
high encounter rates of dispersing individuals with plot edges and slow subsequent 
advance toward plot interiors. By fall, edge effects had disappeared, consistent with the 
slow-dispersal hypothesis. None of the species considered to be the most mobile taxa (G. 
mucronatus, I. baltica, mature C. sapidus, C. septemspinosa, P. vulgaris, S .fuscus) 
displayed a response to edge, while several of the species considered among the least 
mobile (C. penantis, N. vibex, M. lunata) responded significantly. Among the remaining 
edge-sensitive species, A. longimana, A. valida, and E. levis are known to be domicolous, 
and while their actual vagility is unknown they might be expected to travel less widely 
than an “itinerant” amphipod such as Gammarus mucronatus (Bell and Devlin 1983).
One significant finding of this study is that blue crab post-larval distribution in 
seagrass is sensitive to the spatial configuration of habitat on the scale of meters. The 
fact that postlarvae were more abundant in plot edges provides a valuable comparison 
with results for other fauna because more can be assumed about the factors influencing
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their distribution and behavior at the time of sampling. The fall sampling was timed 
during the period when blue crab postlarvae disperse up the estuary after development in 
the coastal ocean at the mouth of the Chesapeake Bay (van Montfrans et al. 1990). Since 
predation-induced mortality of newly settled blue crab postlarvae is much lower in 
complex vegetated habitats than on unvegetated substrates (Pile et al. 1996, Orth and van 
M ontfrans 2002), strong selective pressure likely exists on dispersing postlarvae to settle 
immediately upon encountering suitable structured habitat. W hile predators could 
influence the observed postlarval distribution by preferentially foraging in plot interiors, 
the major likely postlarval predators Crangon septemspinosa (Olmi and Lipcius 1991), 
Palaemonetes vulgaris, and juvenile blue crabs were not found in higher densities in plot 
interiors, although Hovel and Lipcius (2001) found that at larger scales, blue crabs were 
more abundant in seagrass bed interiors. Postlarvae are too small to be effective 
predators on the amphipods found to be more abundant in plot edges, so there is no 
observed trophic mechanism that would explain postlarval edge effects. The conclusion 
follows that the increased densities in plot edges are most likely a result of immediate 
settlement behavior upon encountering seagrass followed by minimal redistribution. This 
finding strengthens the argument that distribution of other epifauna over small scales can 
be influenced by spatial habitat configuration and selective pressures to remain associated 
with vegetated habitat.
The higher density of caprellid amphipods in edges of all plots in the fall provides 
an interesting contrast. Caprella penantis filter feeds on suspended particles (Caine 
1974) in addition to epiphytic algae (Zimmerman 1979, Duffy 1990), and they were 
found in obvious abundance high on the distal ends of eelgrass blades. Anecdotal
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observations from natural grassbeds suggest that extremely high densities of caprellids 
occur along bed edges (personal observation), an expected pattern for an organism that 
stands to benefit from maximizing the interception of suspended food particles. 
Bartholomew (2002) found that caprellid density in artificial seagrass plots after one 
week was correlated with current flow, and Marsh (1971) found the highest densities of 
Caprella penantis at the deeper edge of a large eelgrass bed. Seasonally intense 
predation on caprellid amphipods has been reported (Caine 1991), but predation seems 
unlikely to control their distribution within the experimental plots given the dual 
observations of extremely high densities (tens to hundreds of individuals on single plants) 
and their vulnerable position. That their edge preference matches the distribution of 
several non-filter-feeding amphipods is consistent with the hypothesis that within-plot 
gradients in hydrodynamic energy underlie edge effects in the latter group. The groups 
could differ in their proximate cues (e.g. hydrodynamic regime for caprellids, and degree 
of fouling for grazers) and their ultimate controlling resources (e.g. suspended food 
particles for caprellids, and epiphytic microalgae for grazers) but still exhibit similar 
distribution if all of the underlying factors are correlated with hydrodynamic energy.
Group responses v.v. species-specific responses
Among the individual species that responded to spatial treatments, there were few 
commonalities that would support predictive hypotheses regarding the response of other 
fauna to fragmentation. Species demonstrating edge effects ranged from suspension- 
feeding amphipods (C. penantis) to predatory gastropods (M. lunata). Body size did not 
predict spatial responses among mobile crustaceans, and analyses based on size actually
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led to contradictory conclusions from those obtained by single-species analyses. All of 
the species that individually responded significantly to edge were small, but their group 
response was non-significant. Meanwhile, no individual large species responded 
significantly to edge, but the aggregate density of large individuals was higher in plot 
edges than interiors. Bell et al. (2001) found that total amphipod density correlated with 
patch size during only one season, while individual amphipod species showed no such 
correlation.
Secondary production, on the other hand, is used in this context as a community- 
wide metric that incorporates more information than species-specific densities. The 
purpose of estimating secondary production in this study is to generalize the potential 
consequences of habitat spatial pattern in a format of greater general trophic significance 
than the densities of individual epifaunal species. It may be expected that mechanisms 
causing response to plot fragmentation would act to alter not only epifaunal density but 
also size distribution, given the likelihood of size-selective predation, ontogenetic shifts 
in habitat use, and body size specific dispersal behavior. Given that specific production 
is largely a function of body size, to a greater degree than even species identity within 
broad taxonomic groups (Edgar 1990a), these processes may result in increased or 
decreased total community secondary production in fragmented habitats. The finding 
that estimated secondary production per unit area did not differ among plot types or 
between edges and interiors provides little support for an impact of small-scale 
fragmentation on overall trophic transfer, above the direct decrease expected due to loss 
of habitat.
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Traditional methods of estimating secondary production, such as the growth 
increment summation method for species with identifiable cohorts (Rigler and Downing 
1984), are sensitive to immigration and emigration, because changes in abundance in 
each size class are counted as either birth, growth, or mortality. Similar considerations 
apply to the Edgar method. Using Edgar’s method, though, a production estimate can be 
calculated from samples collected at a single point in time, with the assumption that all 
individuals are permanent residents of the sampling location. Since this assumption is 
unsupportable for the mobile fauna comprising this study (Virnstein and Curran 1986, 
M artin-Sm ith 1994, Bologna and Heck 1999b), the production estimate should not be 
considered a true estimate of autochthonous secondary production in each plot, but rather 
an estimate of the potential trophic contribution of those individuals inhabiting the plot at 
the time of sampling. This principle may explain the relatively high estimate when 
compared with Fredette et al.’s 1990 estimate of 200 g C dw/m2/yr for seagrass epifaunal 
secondary production. Their detailed study incorporated year-round sampling, yielding a 
more accurate figure than the rough estimate afforded by application of the Edgar method 
to single samplings.
Comparisons among investigations o f spatial eff ects in seagrasses
Given the likelihood of scale-specific and site-specific processes governing 
spatial effects in seagrasses, it is instructive to compare the results of other investigations 
of faunal responses to seagrass spatial pattern. In the study most similar to this 
investigation, Lombana (1999) found consistently higher densities of Palaemonid shrimp 
in small plots (the same size as Small plots in the current experiment) than in 100 m 2 and
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400 ir f  patchy transplanted beds, and sporadically higher densities of blue crabs and of 
the shrimps Hippolyte and Crangon in small plots. Since the two studies were similar in 
scale and utilized the same shrimp sampling methodology at similar sites, differences in 
findings for shrimps must be attributed to differences among years in shrimp distribution 
or behavior, or to differences between the shrim ps’ response to the current study’s M ed-F 
and Lg-F plots and Lom bana’s medium and large beds, which resembled a checkerboard 
lattice of vegetated and unvegetated patches. At a smaller scale, Eggleston et al. (1998, 
1999) found higher colonization rates for amphipods and Palaemonetes spp. in small
9 9(0.25m") than large (1 m “) artificial seagrass and oyster habitat patches. They also found 
lower densities of first-instar blue crabs in the small patches, attributing the result to 
predation by grass shrimp, rather than active habitat selection by crabs.
At a larger scale, Hovel and Lipcius (2001, 2002) demonstrated a seasonal inverse 
correlation of juvenile blue crab survival with patch size across a large range of sizes (six 
orders of magnitude) by tethering crabs in artificial seagrass plots that standardized shoot 
density within natural seagrass patches. They attributed the result to lower densities of 
conspecific predators in smaller patches. They also found greater densities of blue crabs 
in the interiors of very large patches, and seasonally higher survival of tethered crabs in 
isolated patches, but no consistent effect of patch size on survival. In comparison with 
the lack of edge effects or plot type effects on adult and juvenile blue crabs in the current 
study, their results indicate a sensitivity of blue crabs to larger-scale spatial patterns, 
supporting the hypothesis that responses to fragmentation may scale with body size. In 
another study incorporating larger spatial scales, Hovel et al. (2002) found significant 
variability among taxa, sites, and seasons in macrofaunal responses to seagrass spatial
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structure. Overall, hydrodynamic regime and the amount of plant biomass were the most 
significant factors influencing faunal density, while percent cover and amount of habitat 
edge were not consistent predictors of density, although blue crab densities were 
positively correlated with percent cover in one season.
Bell et al. (2001), working at a scale similar to the current study, found a positive 
correlation of seagrass (Halodule) patch size with total amphipod density in one season, 
but no correlation for fish in any season. The authors also reviewed several studies 
relating to seagrass edges and found little evidence for a consistent preference for edge or 
interior habitat by seagrass-associated fauna as a whole, although individual studies have 
shown edge preferences by scallops (Bologna and Heck 1999) and peracarid crustaceans 
(Bologna and Heck 2002), and interior preferences by hard clams (Irlandi 1997) and 
small blue crabs (Hovel and Lipcius 2002). The finding by Bologna and Heck (2002) 
that total amphipod density and, correspondingly, secondary production were higher at 
seagrass bed edges than interiors (defined as areas > 10 m from an edge), suggests that 
the effects observed here for small-bodied fauna are not necessarily restricted to small 
scales. Bowden et al. (2001) investigated infaunal community structure in small (<15 m 
diameter) and large (>30 m diameter) patches, and found a more speciose community in 
the larger patches, but few density differences for individual species. They attributed 
most of the observed variability in faunal density to regional environmental factors 
unrelated to patch size.
Taken as a whole, these studies suggest a complicated, scale-dependent 
relationship between seagrass fragmentation and fauna, where community responses can 
be shaped by multiple mechanisms including movement of mobile prey species
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(Eggleston et al. 1999, Bologna and Heck 2002) differential growth rates (Irlandi 1997, 
Bologna and Heck 1999a), mortality (Bologna and Heck 1999a, Hovel and Lipcius 
2001), and predator distribution (Hovel and Lipcius 2002). Lurther investigations are 
needed to evaluate the relative contributions of predator behavior and prey movement to 
the distribution of individuals within fragmented habitats.
The importance o f scale in determining eff ects o f spatial pattern
M echanisms affecting the distribution of seagrass-associated fauna are not easily 
identified because many factors are important at a range of scales. The location of a 
grassbed along the estuary (Sogard 1989, Hannan and W illiams 1998) and its position 
with respect to current and wave exposure (Pihl 1986, Bell et al. 1994) exert a primary 
influence on community composition by controlling salinity, energy regime, and distance 
to nearest sources of recruits. The scales at which movements of m acrofauna (shrimp, 
crabs) and epifauna (amphipods, isopods) between grassbeds are important may differ 
between size classes, species, and functional groups. Lor example, adult female blue 
crabs seasonally migrate many kilometers from spawning sites to the Bay mouth where 
their larvae hatch (Van Engel 1958). At this large scale, their predatory impacts on a 
given grassbed’s fauna are determined by the bed’s likelihood of intercepting these 
migrating crabs, a landscape-level attribute incorporating the bed’s position, shape, and 
orientation. Similarly, at smaller scales within this bed the relative predation intensity 
between various individual patches may be determined by the patch’s position, shape, 
and orientation. A similar pattern is likely for migratory fish predators such as striped 
bass, spot, croaker, and red drum. Thus, predation pressure from large roving predators,
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and the subsequent effect of local scale grassbed spatial pattern on prey may be a 
function of a patch’s landscape context.
Large-scale movements are not the exclusive domain of large predators. Blue 
crab postlarvae invade the estuary after development along the coastal shelf, recruiting to 
grassbeds progressively distant from the bay mouth (Orth and van M ontfrans 1990). 
Seagrass-associated fauna may be carried on drifting vegetative material (e.g. Edgar 
1987, Holmquist 1994, Brooks and Bell 2001). While long-distance swimming has not 
been documented among gammaridean amphipods, their short-term individual turnover 
within patches (Howard 1985, Taylor 1998) and their colonization rates of new habitats 
(Virnstein and Curran 1986) are sufficiently rapid to suggest that they actively disperse 
over large distances. The grassbed landscape attributes that modify predation intensity, 
as discussed above, may operate similarly to regulate supply of new recruits and actively 
moving individuals. Thus population loss and growth terms can both be impacted by 
factors apparently independent of patch attributes such as shoot density and epiphyte 
growth.
However, because of the feedback between physical context and patch 
morphology, these patch-scale attributes are not truly independent of landscape context. 
The inshore areas of large beds and whole grassbeds in low-energy areas tend to feature 
dense grass in large continuous patches, while offshore edges and isolated patches may 
feature smaller patch sizes (Fonseca and Bell 1998). This is a complicating factor for 
investigations in natural seagrass beds, but it may also be a factor causing variation in 
fragmentation effects among sites. The idea has been summarized by Bell et al. (2001):
"Traditionally, studies in natural seagrass beds have not uncovered strong
correlations between densities of dominant epibenthic faunal groups and the
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relative amount of seagrass cover within the sampled area. Perhaps the more 
important variable is the local or regional distribution of seagrass; since 
individuals can be expected to range over a scale larger than the sampled area, the 
densities of individuals in any sample should be a function of the habitat choices 
between large-scale regions, with some individuals currently occupying the 
sampling area at the time of sampling."
The potential disconnect between small-scale processes affecting choices of local habitats
by individuals and large-scale processes affecting population growth rates or
metapopulation persistence means that experimental results should not be extrapolated
across scales, and that expectations about the mechanisms likely to be active at a given
scale should be drawn carefully. Haila (2002) argued that the widespread observation of
positive species-area relationships (Connor and McCoy 1979) and the enormous
historical intellectual influence of M acArthur and W ilson’s (1967) island-biogeographic
model resulted in an extension of expectations about the effects of spatial pattern across
scales and without regard for habitat-specific or scale-specific processes. Echoing
H aila’s criticisms, McGarigal and Cushman (2002) found that a low percentage of recent
empirical habitat fragmentation studies distinguished between the separate effects of
habitat loss and altered spatial pattern. Further, a high percentage of studies they
reviewed made dubious connections between the scale studied (most frequently
individual patches) and the scale at which conclusions were drawn and fragmentation
processes were active (generally landscapes).
Conservation implications
The conservation implications of these data should be drawn carefully. W hile the 
experimental treatments did isolate the effect of spatial variables, they did not simulate all 
im portant aspects of fragmented habitats. It may be that the most important determinants
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of community response to “real-world” fragmentation come at the landscape level, and 
therefore faunal responses to differences among relatively small, isolated habitats may 
not reflect important changes that might occur with extensive fragmentation at larger 
scales. At a minimum, it can be concluded that small patches of eelgrass do not appear to 
suffer biotic impoverishment. These conclusions suggest several principles for 
management of seagrass habitats in the Chesapeake Bay. At the scale of meters to tens of 
meters, increasing the amount of habitat edge in eelgrass beds may not adversely affect 
faunal densities within remaining habitat. The effects of small-scale habitat destruction 
may be assessed directly by the amount of habitat lost. Finally, small or patchy beds 
should not be excluded from protection measures, since they support an abundant fauna 
and may be important in linking widespread habitats for migratory and dispersing 
animals. Since such beds constitute a large proportion of the recently existing seagrass 
habitat (as much as 28% of total Chesapeake Bay SAV area reported as patchy beds by 
Orth et al. 2000), the ecological processes operating in patchy beds as well as the 
rationale underlying their management deserve considerable attention.
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Figure 2: Experimental seagrass plots (drawn to scale).
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Figure 3: Layout o f experimental plots □§□□□
at the James River, showing the El H E3 El El7 C? □ □ □ □ □
location of previous eelgrass 
transplants (ignored in this study).
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Figure 4: Sampling scheme in M ed and Lg-F plots. Xs denote a possible distribution of 
samples. Different sampling locations were predetermined for suction samples and for 
core samples. Shaded regions differentiate areas defined as interior or edge.
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Spring York Spring James Fall James
Figure. 5: Density of eelgrass vegetative shoots in experimental plots in the spring. Data 
are average numbers of shoots in 3 haphazardly tossed 315 cm rings in each of 9 patches 
per plot (n = 3 plots of each type). All error bars shown in following figures show 
standard errors. Lowercase letters indicate significantly differing plot types in the spring 
at the James (one-way ANOVA, F  = 14.27, df = 3, P = 0.001). Asterisk indicates P < 
0.05.
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Figure 6: Eelgrass biomass (grams dry weight) in faunal core samples.
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Figure 7: Percent cover of eelgrass in experimental plots in the spring. Data are average 
percent cover estimates made by divers observing 9 patches in each plot (except Small). 
See text for significance levels.
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M ed plots at the James River in spring and fall (one-way ANOVAs, Table 12, SNK post- 
hoc comparisons).
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Figure 9a: Amphipod density in core samples. Density was calculated from the 
weighted average of edge and interior samples (see Methods). Error bars represent -1 SE 
(n=3). Asterisks indicate significant Plot Type effect (P < 0.05).
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Figure 9b: Faunal density in core samples.
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Figure 10a: Amphipod density in edges (black bars) and interiors (inverted grey bars) 
of 3 replicate plots per plot type. Asterisks indicate significant edge effects (split-plot 
ANOVA or paired f-test P < 0.05) for bracketed or individual plot types.
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Figure 10b: Edge and interior density of fauna in core samples.
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Figure 10c: Edge and interior density of fauna in suction samples.
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Fig. 13: Total faunal macrofaunal density in suction samples from plot edges and 
interiors
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Figure 15: Aerial photograph of a M ed plot at the James River in the fall. Note 
significant loss of grass from offshore corner.
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Figure 16: Results of a computer simulation investigating effects of imbalanced 
sampling on Type I error rates. Each symbol represents the percent of 1000 model runs 
generating a significant paired r-test result (a = 0.05). The dashed line shows the 
expected frequency of errors (the 5% expected Type I errors divided among edge- 
dominant errors and interior-dominant errors). 4 sets of 1000 simulations were 
conducted foreach population size. Symbols were manually scattered to avoid occluding 
points; population sizes are exact integers.
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Table 2: Numbers of core samples included in analyses.
Plot type replicate position
York (S) Jam es (S) Jam es (F)
patches
core suction 
sam ples sam ples patches
core suction 
sam ples sam ples patches
core
sam ples
suction
sam ples
Small 1 edge 1 3 2 1 4 2 1 4 2
Small 2 edge 1 4 2 1 3 2 1 3 2
Small 3 edge 1 4 2 1 5 2 1 3 2
Med 1 edge 16 4 7 16 5 7 12 9 7
Med 1 interior 9 3 8 9 9 6 2 4 9
Med 2 edge 16 3 7 16 3 7 12 3 8
Med 2 interior 9 4 8 9 5 7 2 3 7
Med 3 edge 16 5 7 16 4 7 12 3 3
Med 3 interior 9 5 8 9 6 7 2 3 9
Med-F 1 edge 8 3 6 8 5 6 8 5 7
Med-F 1 interior 1 3 2 1 3 2 1 4 2
Med-F 2 edge 8 4 6 8 4 6 8 3 7
Med-F 2 interior 1 4 2 1 4 2 1 4 2
Med-F 3 edge 8 3 6 8 7 6 8 3 7
Med-F 3 interior 1 4 2 1 4 2 1 3 2
Lg-F 1 edge 16 4 6 16 4 7 16 3 7
Lg-F 1 interior 9 6 8 9 8 7 9 4 10
Lg-F 2 edge 16 6 7 16 6 7 16 3 6
Lg-F 2 interior 9 4 8 9 9 7 9 4 8
Lg-F 3 edge 16 3 7 16 5 7 16 3 7
Lg-F 3 interior 9 7 8 9 8 7 9 3 9
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Table 3: Summary of statistical findings at each site for spring (S) and fall (F). Letters 
A, B, C, and D represent Small, Medium, Medium-Fragmented, and Large-Fragmented 
plots, respectively. Each entry in the table represents a significant ANOVA or paired t- 
test result for the designated plot type (a = 0.05, see text for details of each analysis). 
Letters in standard font in the Edge columns represent plots in which the taxon was 
denser in edges than interiors, while letters italicized and underlined represent plots in 
which the taxon was denser in plot interiors. Inequalities in the Plot Type columns 
indicate results of SNK multiple comparisons between treatments following a significant 
ANOVA. Gray boxes indicate the species was present in less than 10% of samples; no
a n a ly sis  w as p erform ed  in th ese  ca ses . D a sh es s ig n ify  non -s ig n ifica n t ANOVA resu lts.
Edge Plot Type
Core samples York (S) James (S) James (F) York (S) James (S) James (F)
Am pithoe longimana B,C,D B - -
Am pithoe valida - B A D -
Cymadusa compta - -
Callinectes sapidus megalopae - -
Caprella penantis B A D -
Corophium spp. - -
Elaspm opus levis B A D -
Edotea triloba C C - -
Erichsonella attenuata D -
Erichthonius braziliensis D - -
Gam marus mucronatus - A > B A D  A < D -
Idotea baltica -
Microprotopus raneyi B A D - -
Mitrella iunata - - -
Nassarius vibex -
Nassarius obsoletus - - -
Pleusym tes glaber -
Small crustaceans - -
2° production - -
Suction samples
Callinectes sapidus juv./adult -
Callinectes sapidus megalopae B A D
Crangon septemspinosa -
Mitrella Iunata B A D
Nassarius vibex C
Nassarius obsoletus -
Palaemonetes vulgaris -
Syngnathus fuscus - -
Large crustaceans - - -
All gastropods - - -
Total individuals - B A D - -
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Table 4: Results of split-plot ANOVAs for core samples at both sites in the spring. Data 
are individuals per gram (dry weight) o f Zoster a marina unless otherwise indicated.
Edge refers to the position within each plot (edge or interior), Type refers to Plot Type 
(Med, Med-F, Lg-F), and Plot refers to the individual subjects (=replicate plots) within 
which edge and interior are nested. Significance of Plot is not relevant to hypotheses, 
and Plot interactions are not examined. Small plots are not included in this analysis 
because they are considered to contain all edge.
* indicates significance at P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001
Variable
A. longimana
A. valida
Caprellid amphipods
Corophium spp.
G. mucronatus
E. triloba
Source df MS F P
Edge 1 0.20 0.36 0.559
Type 2 1.31 0.77 0.483
Type x Edge 2 0.26 0.48 0.631
Plot 12 1.69 3.08 0.031 *
Site 1 0.45 0.27 0.614
Site x Edge 1 2.50 4.54 0.055
Site x Type 2 1.72 1.02 0.391
Site x Type x Edge 2 0.02 0.04 0.958
Error 12 0.55
Edge 1 1.63 0.92 0.357
Type 2 2.92 3.02 0.086
Type x Edge 2 0.69 0.39 0.687
Plot 12 0.96 0.54 0.848
Site 1 12.79 13.26 0.003 *’
Site x Edge 1 1.38 0.78 0.395
Site x Type 2 3.93 4.07 0.045 *
Site x Type x Edge 2 0.38 0.22 0.809
Error 12 1.78
Edge 1 9114.82 0.73 0.410
Type 2 24170.30 0.31 0.743
Type x Edge 2 44870.89 3.58 0.060
Plot 12 79241.33 6.33 0.002 *'
Site 1 170694.21 2.15 0.168
Site x Edge 1 90.13 0.01 0.934
Site x Type 2 54970.95 0.69 0.519
Site x Type x Edge 2 30480.83 2.43 0.130
Error 12 12522.62
Edge 1 0.60 0.15 0.705
Type 2 10.39 1.82 0.204
Type x Edge 2 16.66 4.14 0.043 *
Plot 12 5.72 1.42 0.276
Site 1 323.53 56.59 0.000 **
Site x Edge 1 0.01 0.00 0.957
Site x Type 2 2.97 0.52 0.608
Site x Type x Edge 2 1.30 0.32 0.730
Error 12 4.03
Edge 1 66.70 2.39 0.148
Type 2 20.97 0.61 0.561
Type x Edge 2 41.82 1.50 0.263
Plot 12 34.54 1.24 0.360
Site 1 159.45 4.62 0.053
Site x Edge 1 0.64 0.02 0.882
Site x Type 2 51.37 1.49 0.265
Site x Type x Edge 2 21.39 0.77 0.486
Error 12 27.94
Edge 1 0.00 0.04 0.848
Type 2 1.05 2.97 0.090
Type x Edge 2 0.07 0.56 0.584
Plot 12 0.35 2.99 0.035 *
Site 1 1.23 3.47 0.087
Site x Edge 1 0.70 5.95 0.031 *
Site x Type 2 0.10 0.28 0.764
Site x Type x Edge 2 0.19 1.64 0.235
Error 12 0.12
(continued)
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Table 4 (continued)
Variable Source df MS F P
Grass biomass Edge 1 0.02 0.94 0.351
Type 2 0.00 0.07 0.937
Type x Edge 2 0.00 0.05 0.949
Plot 12 0.06 2.76 0.046 *
Site 1 0.80 13.02 0.004 *
Site x Edge 1 0.02 1.02 0.333
Site x Type 2 0.02 0.31 0.736
Site x Type x Edge 2 0.00 0.09 0.911
Error 12 0.02
1. baltica Edge 1 5.46 1.23 0.289
Type 2 6.49 1.17 0.345
Type x Edge 2 6.30 1.42 0.279
Plot 12 5.57 1.26 0.349
Site 1 41.54 7.46 0.018 *
Site x Edge 1 0.88 0.20 0.663
Site x Type 2 7.67 1.38 0.289
Site x Type x Edge 2 0.67 0.15 0.862
Error 12 4.43
M. raneyi Edge 1 3.42 0.90 0.362
Type 2 5.61 0.49 0.626
Type x Edge 2 5.14 1.35 0.295
Plot 12 11.53 3.04 0.033 *
Site 1 151.22 13.11 0.004 *
Site x Edge 1 4.61 1.21 0.292
Site x Type 2 4.46 0.39 0.688
Site x Type x Edge 2 9.18 2.42 0.131
Error 12 3.80
N. vibex Edge 1 0.06 0.73 0.410
Type 2 0.00 0.03 0.971
Type x Edge 2 0.16 2.08 0.168
Plot 12 0.12 1.53 0.236
Site 1 0.16 1.34 0.269
Site x Edge 1 0.01 0.13 0.727
Site x Type 2 0.15 1.29 0.312
Site x Type x Edge 2 0.05 0.65 0.539
Error 12 0.08
Small crustaceans Edge 1 8.78 0.00 0.960
Type 2 16929.55 0.29 0.757
Type x Edge 2 21368.91 6.43 0.013 *
Plot 12 59388.19 17.87 0.000 *
Site 1 273859.99 4.61 0.053
Site x Edge 1 2956.37 0.89 0.364
Site x Type 2 33467.97 0.56 0.584
Site x Type x Edge 2 12596.73 3.79 0.053
Error 12 3322.81
2 °  production Edge 1 185327.37 1.27 0.282
Type 2 471413.34 0.41 0.672
Type x Edge 2 96918.71 0.66 0.533
Plot 12 1145434.86 7.83 0.001 *’
Site 1 16248497.50 14.19 0.003 *’
Site x Edge 1 161318.97 1.10 0.314
Site x Type 2 701363.69 0.61 0.558
Site x Type x Edge 2 28313.97 0.19 0.827
Error 12 146278.09
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Table 5: Results of split-plot ANOVAs testing effects of Edge and Plot Type for core
samples at individual sites. Data are number of individuals per gram (dry weight) of
Zostera marina unless otherwise indicated.
York (S) James (S) James (F)
Variable Source df MS F P MS F P MS F P
A. longimana Edge 1 2.05 9.977 0 .020  * 0 .64 0.718 0.429 99.96 2 .67 0 .154
Type 2 0.06 0.228 0.803 2.97 0.953 0.437 2.50 0.02 0 .980
Type x Edge 2 0 .07 0.320 0.738 0.22 0.247 0.789 242 .09 6.45 0.032
Plot 6 0.27 1.327 0.370 3.12 3.480 0.077 124.86 3.33 0 .084
Error 6 0.21 0.90 37.51
A. valida Edge 1 0.93 6.96 0.039
Type 2 0.18 1.68 0.263
Type x Edge 2 0.24 1.77 0.249
Plot 6 0.11 0 .80 0.601
Error 6 0.13
C. sapidus m egalopae Edge 1 0.98 1.76 0.232
Type 2 1.81 13.54 0.006
Type x Edge 2 0.17 0.30 0.752
Plot 6 0.13 0 .24 0.947
Error 6 0.56
Caprellid am phipods Edge 1 3602 .84 13.69 0.010
Type 2 74 .83 0 .34 0.722
Type x Edge 2 714 .02 2.71 0.145
Plot 6 217 .30 0.83 0.589
Error 6 263 .26
C. compta Edge 1 0.24 0.71 0.432
Type 2 0.23 1.17 0.371
Type x Edge 2 0.03 0 .09 0.912
Plot 6 0.20 0.58 0.735
Error 6 0 .34
Corophium  spp. Edge 1 1.08 0.19 0.682
Type 2 11.15 2.78 0.140
Type x Edge 2 13.79 2.37 0.174
Plot 6 4.01 0.69 0.668
Error 6 5.81
E. tnloba Edge 1 0.41 14.67 0.009  * 0.30 1.43 0.277 3.52 4.19 0.087
Type 2 0.33 1.76 0.250 0.82 1.57 0.282 0.09 0 .04 0.965
Type x Edge 2 0.11 3.85 0.084 0.15 0 .73 0.520 7.93 9.43 0.014
Plot 6 0.18 6.58 0.019 0.52 2 .50 0 .144 2.43 2.89 0.111
Error 6 0.03 0.21 0.84
E. levis Edge 1 21.12 6.21 0.047
Type 2 5.00 0.91 0.451
Type x Edge 2 0 .88 0 .26 0.781
Plot 6 5.49 1.61 0.288
Error 6 3 .40
(continued)
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Table 5 (continued)
Variable Source df
Spring York Spring James Fall Jam es
MS F P MS F P MS F P
E. attenuata Edge 1 0.01 0.08 0.789
Type 2 0.19 1.02 0.416
Type x Edge 2 0.74 3.90 0.082
Plot 6 0.18 0.98 0.510
Error 6 0.19
E. brasiliensis Edge 1 0.00 0.00 0.994 32.14 15.66 0.007
Type 2 8.14 3.50 0.098 1.08 0.75 0.511
Type x Edge 2 3.87 0.68 0.540 8.48 4.13 0.074
Plot 6 2.32 0.41 0.848 1.44 0.70 0.660
Error 6 5.66 2.05
G. mucronatus Edge 1 11.42 5.69 0.054
Type 2 9.41 0.78 0.500
Type x Edge 2 2.39 1.19 0.367
Plot 6 12.06 6.02 0.023
Error 6 2.01
Grass biomass Edge 1 2.01 4.87 0.069
Type 2 0.14 0.18 0.842
Type x Edge 2 0.40 0.97 0.431
Plot 6 0.81 1.97 0.215
Error 6 0.41
M. raneyi Edge 1 287.65 10.39 0.018
Type 2 27.38 0.26 0.776
Type x Edge 2 43.67 1.58 0.281
Plot 6 103.35 3.73 0.067
Error 6 27.68
M. Iunata Edge 1 0.76 2.65 0.155 0.23 0.01 0.921
(indiv./ sample) Type 2 0.72 2.61 0.153 21.65 1.62 0.273
Type x Edge 2 0.38 1.33 0.332 1.04 0.05 0.953
Plot 6 0.28 0.96 0.520 13.34 0.63 0.707
Error 6 0.29 21.26
N. obsoletus Edge 1 0.06 0.04 0.850 29.24 3.67 0.104
(indiv./ sample) Type 2 0.16 0.20 0.823 1.93 0.21 0.818
Type x Edge 2 0.89 0.61 0.572 2.84 0.36 0.714
Plot 6 0.81 0.56 0.751 9.28 1.17 0.429
Error 6 1.45 7.97
P. glaber Edge 1 99.41 5.84 0.052
Type 2 10.05 2.16 0.197
Type x Edge 2 10.23 0.60 0.578
Plot 6 4.66 0.27 0.930
Error 6 17.02
Small crustaceans Edge 1 1643.65 3.35 0.117 1321.50 0.21 0.659 222.88 2.88 0.140
Type 2 4187.94 1.82 0.241 46209.58 0.40 0.689 191.74 0.26 0.776
Type x Edge 2 840.90 1.71 0.258 33124.75 5.38 0.046 * 215.40 2.79 0.139
Plot 6 2298.36 4.68 0.041 * 116478.01 18.93 0.001 ** 725.64 9.38 0.008
Error 6 491.15 6154.47 77.32
2° Production Edge 1 41109.36 1.10 0.335
Type 2 37217.43 0.62 0.571
Type x Edge 2 4082.40 0.11 0.898
Plot 6 60458.70 1.62 0.287
Error 6 37368.75
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Table 6: Results of Two-way ANOVAs testing effects of Site and Plot Type for spring
core samples. Data are number of individuals per gram (dry weight) of Zostera marina
unless otherwise indicated.
Variable Source df MS F P
A. longimana Type 3 0.32 0.57 0.642
Site 1 0.13 0.23 0.637
Site x Type 3 0.73 1.30 0.307
Error 16 0.56
A. valida Type 3 1.70 2.42 0.104
Site 1 9.99 14.20 0.002
Site x Type 3 1.55 2.20 0.127
Error 16 0.70
Caprellid amphipods Type 3 3770.073 0.1512 0.927
Site 1 34505.324 1.384 0.257
Site x Type 3 18412.337 0.7385 0.544
Error 16 24932.263
Corophium spp. Type 3 3.2044911 1.0823 0.385
Site 1 261.03444 88.166 0.000
Site x Type 3 3.651319 1.2333 0.330
Error 16 2.9607189
E. triloba Type 3 0.3426332 1.8057 0.187
Site 1 1.0707171 5.6428 0.030
Site x Type 3 0.2075654 1.0939 0.380
Error 16 0.1897477
G. mucronatus Type 3 37.572145 2.3611 0.110
Site 1 422.15268 26.529 0.000
Site x Type 3 150.28461 9.4441 0.001 ’
Error 16 15.913133
Grass biomass Type 3 0.0111338 0.3182 0.81207
Site 1 1.010641 28.884 6.2E-05 ’
Site x Type 3 0.0510779 1.4598 0.26294
Error 16 0.0349902
1. baltica Type 3 4.3005684 2.1632 0.13229
Site 1 22.702218 11.419
C\JCOCOooo
Site x Type 3 3.7824397 1.9026 0.1699
Error 16 1.9880586
M. raneyi Type 3 3.4188441 0.3987 0.75579
Site 1 117.14077 13.66 o o o CO CD
Site x Type 3 4.3436935 0.5065 0.68329
Error 16 8.5753038
N. vibex Type 3 0.0817531 1.7144 0.20421
Site 1 0.0698419 1.4646 0.24378
Site x Type 3 0.0829769 1.74 0.19912
Error 16 0.0476865
Shoot density Type 3 247.87 14.31 0.000 ’
Site 1 450.04 77.97 0.000 ’
Site x Type 3 83.74 4.84 0.014 *
Error 16 92.35
Small crustaceans
Type 3 3255.4352 0.1203 0.94684
Site 1 148871.11 5.5003 ■"t
C\JCMCOoo
Site x Type 3 9056.1464 0.3346 0.80051
Error 16 27065.911
Table 7: Results of one-way ANOVAs testing effects of Plot Type within each site.
Data are number of individuals per gram (dry weight) eelgrass in core samples.
Variable Source df
Fall James Spring James Spring York
MS F P MS F P MS F P
A. longimana Type 3 29.72 0.16 0.92
Error 8 189.50
A. valida Type 3 0.22 1.70 0.24
Error 8 0.13
C. sapidus Type 3 0.85 3.65 0.06
(megalopae) Error 8 0.23
Caprellid amphipods Type 3 197.76 0.54 0.67
Error 8 366.49
C. compta Type 3 0.06 0.92 0.47
Error 8 0.07
Corophium  spp. Type 3 9.93 1.39 0.31
Error 8 7.14
E. triloba Type 3 5.25 2.47 0.14
Error 8 2.13
E. lev is Type 3 1.55 0.31 0.82
Error 8 5.02
E. attenuata Type 3 0.07 0.21 0.89
Error 8 0.33
E. brasiliensis Type 3 3.58 2.10 0.18 5.76 2.13 0.17
Error 8 1.70 2.70
G. mucronatus Type 3 6.54 0.88 0.49 35.11 7.96 0.01 ** 152.75 5.57 0.02
Error 8 7.42 4.41 27.42
Grass biomass Type 3 0.01 0.07 0.98
Error 8 0.20
M. raneyi Type 3 144.45 0.39 0.76
Error 8 370.60
M. Iunata Type 3 127.85 1.13 0.39 1.20 1.94 0.20
(indiv./ sample) Error 8 113.50 0.62
N. obsoletus Type 3 3.03 0.45 0.73 1.42 2.20 0.17
(indiv./ sample) Error 8 6.76 0.65
P. glaber Type 3 59.16 0.66 0.60
Error 8 89.30
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Table 8: Results of one-way ANOVAs testing site differences within each level of Type
following significant Site x Type interaction in two-way ANOVAs.
Small Med Med-F Lg-F
Variable Source df MS F P MS F P MS F P MS F P
A. valida Site
Error
1
4
1.93
0.39
4.97 0.0897 6.69
0.07
102.14 0.0005 * 2.41
0.05
47.89 0.0023 * 0.00
0.79
0.00 0.9935
G. mucronatus Site
Error
1
4
732.71
14.56
50.33 0.0021 * 117.79
3.05
38.61 0.0034 * 5.86
14.99
0.39 0.5656 1.05
21.01
0.05 0.8344
P. vulgaris 
(suction)
Site
Error
1
4
345.04
68.04
5.07 0.0875 93.51
1.37
68.12 0.0012 * 93.02
20.91
4.45 0.1026 166.88
10.46
15.95 0.0162
Percent cover 
(diver est.)
Site
Error
1
4
759.38
120.83
25.14 0.0074 ** 106.13
17.45
24.33 0.0079 ** 501.62
63.13
31.78 0.0049 ** 203.76
57.65
14.14 0.0198
Shoot density Site
Error
1
4
81.89
23.09
14.19 0.0197 * 25.29
9.08
11.14 0.0289 * 313.03
42.35
29.57 0.0056 ** 113.57
17.82
25.49 0.0072
S. fuscus 
(suction)
Site
Error
1
4
2.04
0.17
12.25 0.0249 * 0.40
0.02
19.64 0.0114 * 0.26
0.01
25.00 0.0075 ’* 0.13
0.08
1.49 0.2892
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Table 9: Results of paired t-tests comparing faunal density at edges and interiors of each 
plot type at each site, following significant Type x Edge interactions in split-plot 
ANOVA.
Variable Plot Type
Spring York 
t P
Spring James 
t P
Fall James 
t P
CORE SAMPLES:
A. longimana Med
Med-F
Lg-F
6.31
0.92
-1.14
0.024
0.456
0.374
Corophium spp.
E. attenuata
E. brasiliensis
Med
Med-F
Lg-F
Med
Med-F
Lg-F
Med
Med-F
Lg-F
0.91 0.459 0.33 0.776
-2.07 0.175 -1.33 0.315
1.12 0.380 1.73 0.226
0.89 0.467
0.77 0.520
-9.90 0.010 **
2.22 0.156
0.07 0.951
7.35 0.018 *
E. triloba Med
Med-F
Lg-F
2.67
5.41
-1.82
0.116
0.033
0.211
N. obsoletus Med
Med-F
Lg-F
-0.34
-0.92
0.52
0.767
0.454
0.656
1.21
0.89
1.25
0.349
0.467
0.339
Small crustaceans Med
Med-F
Lg-F
2.33
-1.41
-1.03
0.145
0.294
0.411
SUCTION SAMPLES:
N. vibex Med
Med-F
Lg-F
0.42
-17.39
- 2.86
0.715
0.003
0.103
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Table 10: Results of ANCOVAs testing Plot Type using distance along each site as a 
covariate.
Variable Source df
York (S) Jam es (S) Jam es (F)
MS F P MS F P MS F P
G rass biom ass Type 3 0.01 0.84 0.537 0.06 3.94 0.109 0.03 0.10 0.954
Distance 1 0.01 0.60 0.480 0.15 9.14 0.039 * 0.90 2.68 0.177
Type x Distance 3 0.02 1.33 0.383 0.03 1.60 0.323 0.17 0.50 0.700
Error 4 0.01 0.02 0.34
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Table 11: Results of split-plot ANOVAs testing effects of Edge, Plot Type, and Site on
faunal densities in suction samples. Data are number of individuals per sample.
Variable Source df MS F P
C. sapidus Edge 1 0.32 1.60 0.230
(juv ./adult) Type 2 0.53 1.76 0.214
Type x Edge 2 0.34 1.68 0.227
Plot 12 0.30 1.48 0.255
Site 1 1.20 3.99 0.069
Site x Edge 1 0.00 0.01 0.907
Site x Type 2 0.37 1.24 0.324
Site x Type x Edge 
Error
2
12
0.27
0.20
1.32 0.304
C. septemspinosa Edge 1 4.91 1.76 0.210
Type 2 5.96 0.72 0.509
Type x Edge 2 1.09 0.39 0.686
Plot 12 8.33 2.98 0.035
Site 1 37.43 4.50 0.056
Site x Edge 1 3.11 1.11 0.312
Site x Type 2 3.38 0.41 0.675
Site x Type x Edge 
Error
2
12
2.28
2.80
0.82 0.465
N. vibex Edge 1 7.99 5.30 0.040
Type 2 14.99 0.59 0.568
Type x Edge 2 2.55 1.69 0.225
Plot 12 25.30 16.80 0.000
Site 1 291.94 11.54 0.005
Site x Edge 1 7.11 4.72 0.051
Site x Type 2 10.66 0.42 0.665
Site x Type x Edge 
Error
2
12
4.24
1.51
2.82 0.099
P. vulgaris Edge 1 0.37 0.11 0.751
Type 2 20.17 0.93 0.419
Type x Edge 2 1.97 0.57 0.581
Plot 12 21.57 6.21 0.002 ’
Site 1 656.84 30.45 0.000 ’
Site x Edge 1 2.82 0.81 0.385
Site x Type 2 9.37 0.43 0.657
Site x Type x Edge 
Error
2
12
1.50
3.47
0.43 0.659
S. fuscus Edge 1 0.08 1.09 0.317
Type 2 0.09 1.08 0.371
Type x Edge 2 0.13 1.68 0.228
Plot 12 0.09 1.10 0.436
Site 1 1.81 21.24 0.001 ’
Site x Edge 1 0.07 0.86 0.371
Site x Type 2 0.05 0.64 0.546
Site x Type x Edge 
Error
2
12
0.08
0.08
1.09 0.367
Large crustaceans Edge 1 18.21 3.12 0.103
Type 2 48.84 1.29 0.311
Type x Edge 2 4.56 0.78 0.480
Plot 12 37.89 6.49 0.001 '
Site 1 607.91 16.05 0.002 '
Site x Edge 1 0.07 0.01 0.916
Site x Type 2 3.16 0.08 0.920
Site x Type x Edge 
Error
2
12
2.55
5.84
0.44 0.656
Total individuals Edge 1 570.54 8.07 0.015 ’
Type 2 92.73 0.40 0.677
Type x Edge 2 241.84 3.42 0.067
Plot 12 230.36 3.26 0.026 ’
Site 1 23994.56 104.16 0.000 ’
Site x Edge 1 171.36 2.42 0.145
Site x Type 2 105.24 0.46 0.644
Site x Type x Edge 
Error
2
12
16.08
70.70
0.23 0.800
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Table 12: Results of split-plot ANOVAs testing effects of Edge and Plot Type on faunal
density in suction samples at single sites.
Variable Source df
York (S) Jam es (S) Ja m es (F)
MS F P MS F P MS F P
C. sapidus Edge 1 1.36 0.35 0.576
Type 2 2 .54 0.36 0.715
Type x Edge 2 1.75 0.45 0.658
Plot 6 7 .14 1.83 0.240
Error 6 3.90
C. sapidus m egaloi Edge 1 3.58 21.88 0.003
Type 2 0.01 0 .08 0.922
Type x Edge 2 0.26 1.57 0.284
Plot 6 0.13 0 .79 0.607
Error 6 0.16
C. septemspinosa Edge 1 0.13 0 .54 0.489
Type 2 0.45 0.48 0.641
Type x Edge 2 0.33 1.42 0.313
Plot 6 0 .94 4 .08 0.056
Error 6 0.23
N. obsoletus Edge 1 60.59 1.37 0.286 0.13 0 .04 0.847
Type 2 23.51 0.07 0.935 0 .10 0 .03 0.973
Type x Edge 2 47.61 1.08 0.398 0.82 0 .26 0.782
Plot 6 348.25 7.89 0.012  * 3.73 1.16 0.431
Error 6 44.16 3.22
N. vibex Edge 1 0.01 0.01 0.941 15.08 18.55 0.005 ** 0.00 0 .00 0 .964
Type 2 0.36 0.07 0.935 25.29 0.56 0.599 0.27 0.12 0.887
Type x Edge 2 1.75 0.80 0.494 5.04 6.20 0.035  * 0.52 1.23 0.356
Plot 6 5.29 2.41 0.155 45.31 55.74 <.0001 *** 2.26 5.38 0.030
Error 6 2.20 0.81 0.42
M. lunata Edge 1 375.95 14.20 0.009  ** 227.91 0 .77 0.415
Type 2 54.86 1.99 0.217 1131.78 0.91 0.450
Type x Edge 2 52.11 1.97 0.220 998 .76 3.35 0.105
Plot 6 27.51 1.04 0.482 1238.21 4 .16 0.053
Error 6 0.48 297 .75
All gastropods Edge 1 542.41 5.88 0.051 83.60 0 .27 0.624
Type 2 40.48 0.10 0.906 1401.58 0 .88 0 .464
Type x Edge 2 160.03 1.74 0.254 800.40 2.56 0.157
Plot 6 401.93 4.36 0.048  * 1599.91 5.11 0 .034
Error 6 92.21 313.02
Large crustaceans Edge 1 4 .83 0 .67 0 .444
Type 2 8 .20 0 .67 0.546
Type x Edge 2 11.09 1.54 0.288
Plot 6 12.23 1.70 0.267
Error 6 7.19
Total individuals Edge 1 58.27 0.92 0.375 683.62 8.78 0.025  * 22.60 0 .06 0.807
Type 2 69.72 0.34 0.725 128.25 0.50 0.629 1622.08 1.04 0.408
Type x Edge 2 79.68 1.25 0.351 178.25 2.29 0.182 962 .68 2.76 0.141
Plot 6 #### 3.23 0.090 255.63 3.28 0.087 1553.71 4 .46 0.046
Error 6 63.56 77.84 348 .36
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Table 13: Results of two-way ANOVAs testing effects of Plot Type and Site on faunal
densities in spring suction samples.
Variable Source df MS F P
C. sapidus Type 3 0.33 0.434 0.732
(juv. / adult) Site 1 2.83 3.748 0.071
Site x Type 3 0.93 1.227 0.332
Error 16 0.75
C. septem spinosa Type 3 4.70 0.518 0.676
Site 1 41.23 4.542 0.049
Site xType 3 2.33 0.257 0.855
Error 16 9.08
N. vibex Type 3 14.20 1.470 0.260
Site 1 93.61 9.691 0.007
Site xType 3 13.84 1.433 0.270
Error 16 9.66
P. vulgaris Type 3 7.62 0.307 0.820
Site 1 659.73 26.619 0.000
Site x Type 3 16.60 0.670 0.583
Error 16 24.78
S. fuscus Type 3 0.12 1.608 0.227
Site 1 1.99 26.043 0.000
Site x Type 3 0.24 3.175 0.053
Error 16 0.08
Large crustaceans Type 3 30.11 0.692 0.570
Site 1 597.06 13.728 0.002
Site xType 3 18.59 0.428 0.736
Error 16 43.49
Total individuals Type 3 234.65 0.808 0.508
Site 1 18719.87 64.458 0.000
Site xType 3 39.01 0.134 0.938
Error 16 290.42
Percent cover Type 3 51.29 1.056 0.395
(diver est.) Site 1 1388.68 85.769 0.000
Site x Type 3 182.20 3.751 0.033
Error 16 259.06
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Table 14: Results of one-way ANOVAs testing effects of Plot Type at individual sites.
York (S) Jam es (S) Jam es (F)
Variable Source df MS F P MS F P MS F P
SUCTION SAMPLES:
C. sapidus 
(adult and juv.)
Type
Error
3
8
10.71085
3.43562
3.118 0.0882
C. sapidus 
(megalopae)
Type
Error
3
8
0.133801
0.24457
0.547 0.6639
C. septemspinosa Type
Error
3
8
0.234563
0.713666
0.329 0.805
M. lunata Type
Error
3
8
1.1961368
0.617037
1.939 0.202 127.8458
113.5027
1.126 0.3945
N. obsoletus Type
Error
3
8
156.10999
195.48923
0.799 0.529 44.63743
212.2355
0.21 0.8865
N. vibex Type
Error
3
8
2.084285
3.136345
0.665 0.5969
S. fuscus Type
Error
3
8
0.028842
0.056167
0.513 0.684 0.3361225
0.0964614
3.485 0.07
All crustaceans Type
Error
3
8
131.3724
159.5831
0.823 0.5169
All gastropods Type
Error
3
8
83.544025
294.65968
0.284 0.836 3516.323
4350.713
0.808 0.5239
Total individuals Type
Error
3
8
1969.163
5916.502
0.333 0.8022
CORE SAMPLES:
Biom ass Type
Error
3
8
86.10
128.57
0.67 0.594 1247.24
1587.20
0.79 0.535 607.13
308.89
1.97 0.198
2° Production Type
Error
3
8
36024.80
43071.43
0.84 0.511 517324.52
855023.50
0.61 0.630 52134.94
30554.99
1.71 0.242
OTHER:
Percent cover 
(diver est.)
Type
Error
3
8
25.28
10.65
2.37 0.146 52.56
21.73
2.42 0.141 40.92
9.53
4.29 0.044 1
Percent cover 
(photo-interp.)
Type
Error
3
8
31.11
19.20
1.62 0.260 24.37
1.72
14.17 0.001 ** 144.09
19.99
7.21 0.012 1
Shoot density Type
Error
3
8
45.77
38.93
3.136 0.087 285.85
53.42
14.27 0.001 ** 32.86
79.86
1.10 0.405
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Table 15: Perimeter:area ratios of experimental plots. Total patch perimeter is the length 
o f all seagrass edges in each plot, including “interior” patches of fragmented plots. Plot 
perim eter is the outside perimeter of each plot (the shortest straight-line distance 
encom passing all seagrass in a plot).
Plot Type
seagrass 
area (m2)
total patch 
perimeter (m)
plot perimeter 
(m)
patch
perimeter:area
plot
perimeter:area
Small 4 8 8 2 2
Med 100 40 40 0.4 0.4
Med-F 36 72 40 2 1.11
Lg-F 100 200 72 2 0.72
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